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ABSTRACT Pathogen-specific rewiring of host cell metabolism creates the metabolically
adapted microenvironment required for pathogen replication. Here, we investigated the
mechanisms governing the modulation of macrophage mitochondrial properties by the
vacuolar pathogen Leishmania. We report that induction of oxidative phosphorylation
and mitochondrial biogenesis by Leishmania donovani requires the virulence glycolipid
lipophosphoglycan, which stimulates the expression of key transcriptional regulators and
structural genes associated with the electron transport chain. Leishmania-induced mito-
chondriogenesis also requires a lipophosphoglycan-independent pathway involving type
I interferon (IFN) receptor signaling. The observation that pharmacological induction of
mitochondrial biogenesis enables an avirulent lipophosphoglycan-defective L. donovani
mutant to survive in macrophages supports the notion that mitochondrial biogenesis
contributes to the creation of a metabolically adapted environment propitious to the col-
onization of host cells by the parasite. This study provides novel insight into the complex
mechanism by which Leishmania metacyclic promastigotes alter host cell mitochondrial
biogenesis and metabolism during the colonization process.

IMPORTANCE To colonize host phagocytes, Leishmania metacyclic promastigotes
subvert host defense mechanisms and create a specialized intracellular niche
adapted to their replication. This is accomplished through the action of virulence
factors, including the surface coat glycoconjugate lipophosphoglycan. In addition,
Leishmania induces proliferation of host cell mitochondria as well as metabolic
reprogramming of macrophages. These metabolic alterations are crucial to the colo-
nization process of macrophages, as they may provide metabolites required for para-
site growth. In this study, we describe a new key role for lipophosphoglycan in the
stimulation of oxidative phosphorylation and mitochondrial biogenesis. We also
demonstrate that host cell pattern recognition receptors Toll-like receptor 4 (TLR4)
and endosomal TLRs mediate these Leishmania-induced alterations of host cell mito-
chondrial biology, which also require type I IFN signaling. These findings provide
new insight into how Leishmania creates a metabolically adapted environment favor-
able to their replication.
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L eishmania is a trypanosomatid parasite responsible for a spectrum of human dis-
eases called leishmaniasis (1). This parasite is transmitted to mammals by phleboto-

mine sand flies through the inoculation of metacyclic promastigotes, which are inter-
nalized by phagocytic cells (2). There, they create specialized parasitophorous vacuoles
that support their differentiation and replication as amastigotes (3) Given their auxo-
trophies for several essential metabolites they must acquire from their host (4–6),
Leishmania parasites rewire or alter diverse host cell metabolic pathways during the
infection process (6, 7). In particular, a growing number of studies indicate that
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Leishmania targets host cell energy metabolism to create an environment permissive
to their replication. Hence, studies on the transcriptional signature of macrophages
infected with L. major suggested an enhanced rate of glycolysis and lactate production
with reduced pyruvate flux through the tricarboxylic acid cycle, indicating that infected
macrophages would tend to convert glucose into lactate even in the presence of suffi-
cient oxygen to support mitochondrial oxidative phosphorylation (OXPHOS) (8).
Bioenergetics profiling of macrophages infected with various Leishmania species
revealed an induction of glycolysis during the early phases of infection, followed by a
switch from glycolysis to OXPHOS during the late phase of infection (9, 10). Analysis of
the molecular mechanisms by which L. infantum modulates mitochondrial metabolism
revealed an essential role for the metabolic sensor AMP-activated protein kinase
(AMPK) (9), a key modulator of peroxisome proliferator-activated receptor gamma
(PPARg) coactivator 1a (PGC-1a) activity (11, 12). PGC-1a is a transcriptional coactivator
and is the master switch that integrates mitochondrial biogenesis and energy-generat-
ing functions of mitochondria with metabolic demands associated with physiological
states associated with health and disease (13–16). Hence, PGC-1a controls multiple
aspects of mitochondrial biogenesis, including increased mitochondrial number and
biogenesis of the OXPHOS system (13), by coordinating the concerted expression of
nuclear and mitochondrial genes encoding proteins involved in these processes
(16–18).

Macrophages and other phagocytes are highly plastic cells that rapidly adapt their
metabolism in response to invading pathogens. It is well documented that the interplay
between pathogen-derived molecules and host innate immune receptors contributes
significantly to these metabolic changes (19, 20). Hence, exposure of monocytes to bac-
terial lipopolysaccharide (LPS), which stimulates Toll-like receptor 4 (TLR4), induces an
increase in glycolysis and a decrease in OXPHOS, whereas the TLR2 ligand Pam3CysSK4 (a
synthetic lipopeptide) upregulates both glycolysis and OXPHOS (21). However, studies
with live intracellular pathogens revealed a diversity of macrophage metabolic changes
consistent with the notion of host-driven and pathogen-driven metabolic rewiring (22).
This notion reflects the fact that pathogens produce several effectors and virulence fac-
tors that dynamically interact with various host cell innate immune receptors and mole-
cules over the course of infection. Of interest, Mycobacterium tuberculosis decreases both
glycolysis and OXPHOS in infected macrophages, and recent evidence indicates that
type I interferon (IFN) expressed by these cells plays a central role in decreasing macro-
phage energy metabolism during mycobacterial infection (23, 24).

Whereas the role of the sirtuin 1 (SIRT1)-AMP-activated protein kinase (AMPK) axis
in mediating Leishmania-induced changes in the host cell bioenergetics profile has
been established (9), our knowledge of the nature of both the host cell receptors and
Leishmania effectors involved in the macrophage metabolic reprogramming remains
fragmentary. In the present study, we investigated the mechanisms by which L. dono-
vani metacyclic promastigotes alter host cell mitochondrial biology. In particular, we
sought to determine the potential role of the parasite cell surface glycolipid lipophos-
phoglycan (LPG) in this process (25). This virulence factor contributes to the ability of
Leishmania promastigotes to successfully colonize phagocytic cells and to alter the
innate immune response by downmodulating macrophage microbicidal functions,
inducing the secretion of cytokines, and shaping the parasitophorous vacuole in which
Leishmania replicates (25–29). We report that L. donovani metacyclic promastigotes
induce at least two distinct host cell responses in the context of the modulation of
macrophage mitochondrial biogenesis, which are mediated by TLR4 and endosomal
TLRs. One is the LPG-dependent enhancement of macrophage mitochondrial mass,
increased expression of PGC-1a and of genes associated with the electron transport
chain, and stimulation of OXPHOS. The other response is the LPG-independent induc-
tion of alpha interferon (IFN-a) expression, which also mediates enhancement of mac-
rophage mitochondrial mass but has no impact on the induction PGC-1a expression or
on mitochondrial flux.
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RESULTS
LPG is required for the alteration of host cell bioenergetic metabolism by L.

donovani metacyclic promastigotes. Whereas previous studies revealed that
Leishmania promastigotes modulate host macrophage metabolism (8–10, 30), little is
known regarding the parasite molecules involved in this process. We therefore sought
to determine the potential role of the abundant cell surface virulence glycolipid LPG
on the dynamics of host cell mitochondrial function induced by L. donovani metacyclic
promastigotes. First, we assessed the impact of this glycolipid on the bioenergetic pro-
file of bone marrow-derived macrophages (BMM) infected with either wild-type (WT) L.
donovani metacyclic promastigotes, an isogenic LPG-defective mutant (Dlpg1), or its
complemented counterpart (Dlpg11LPG1) (see Fig. S1A in the supplemental material).
We used live cell extracellular flux analysis to determine the oxidative metabolism of
infected macrophages by measuring the mitochondrial oxygen consumption rate
(OCR) as well as glycolysis through the measurement of the extracellular acidification
rate (ECAR) (Fig. 1A). In BMM infected with either WT or Dlpg11LPG1 L. donovani meta-
cyclic promastigotes, we observed an increase in OCR values which peaked at 4 h post-
infection and partially declined by 24 h (Fig. 1B). In contrast, in BMM infected with the
Dlpg1 mutant, OCR remained significantly lower at all time points postinfection, sug-
gesting that LPG is required to stimulate the oxidative metabolism of infected macro-
phages. For glycolysis, in BMM infected with WT, Dlpg1, and Dlpg11LPG1 metacyclic
promastigotes, we observed an increased in ECAR values compared to noninfected
macrophages at 4 h and 8 h postphagocytosis, corresponding to an increase in the gly-
colytic flux (Fig. 1C). At 24 h postinfection, whereas the ECAR levels returned to the lev-
els observed in noninfected cells for BMM infected with either WT or Dlpg11LPG1 par-
asites, it remained elevated in BMM infected with Dlpg1 metacyclic promastigotes
(Fig. 1C). The increase in ECAR was associated with an increased proton efflux rate in
infected macrophages, which was significantly higher in BMM infected with Dlpg1 pro-
mastigotes than in BMM infected with either WT or Dlpg11LPG1 promastigotes at 24 h
postphagocytosis. (Fig. 1D). These results suggested that L. donovani metacyclic pro-
mastigotes induce an increase in glycolysis during the early phases of infection, which
remains elevated in the absence of LPG. The elevated OCR/ECAR ratio observed for
BMM infected with either WT or Dlpg11LPG1 parasites indicates that higher OXPHOS
takes place in these cells than in BMM infected with Dlpg1 parasites (Fig. 1E). To rule
out the possibility that the increase in the OCR/ECAR ratio induced by L. donovani
metacyclic promastigotes was the consequence of a phagocytic stimulus, we meas-
ured the OCR/ECAR ratio in BMM fed zymosan. As shown in Fig. S1B, phagocytosis of
zymosan caused an important reduction in the basal OCR/ECAR ratio at 1 h, 4 h, 8 h,
and 24 h postphagocytosis, indicating a reduction in the oxidative metabolism of
BMM. Treatment with LPS induced a similar decrease in the OCR/ECAR ratio (Fig. S1C),
consistent with increased glycolysis and reduced OXPHOS (21, 31). Additional control
experiments confirmed that free L. donovani metacyclic promastigotes by themselves
do not contribute to the OCR and ECAR measurements in infected BMM (Fig. S1D and
E). To further characterize the process by which L. donovani metacyclic promastigotes
modulate mitochondrial metabolic flux in BMM, we evaluated additional parameters of
mitochondrial function. Hence, we observed an LPG-dependent increase in basal respi-
ration, mitochondrial ATP production, nonmitochondrial oxygen consumption, and
proton leak (Fig. S2A to E). In contrast, the observed increase in the spare respiratory
capacity, which was calculated by the difference between the maximal OCR deter-
mined in the presence of the uncoupler fluoro-carbonyl cyanide phenylhydrazone
(FCCP), was independent of LPG (Fig. S2F). Collectively, these results indicate that L.
donovani metacyclic promastigotes induce an increase in both glycolysis and OXPHOS
in infected BMM. Whereas LPG has little role to play in the increase in glycolysis, it con-
tributes to OXPHOS in infected macrophages. Having shown that L. donovani metacy-
clic promastigotes modulate host cell metabolism, we next sought to identify the car-
bon dependence source to conduct energy production in infected BMM (Fig. 1A).
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FIG 1 LPG contributes to the alteration of host cell bioenergetic metabolism by L. donovani metacyclic promastigotes. (A) Schematic showing the
metabolic pathways detailing readouts for OCR, ECAR, and the carbon dependence source using inhibitors for glycolysis, mitochondrial b-oxidation,
glutaminolysis, and peroxisomal b-oxidation. (B, C, D, and E) BMM were infected with either WT, Dlpg1, or Dlpg11LPG1 L. donovani metacyclic
promastigotes, and at the indicated time points OCR, ECAR, PER, and the OCR/ECAR ratio were determined. (F and G) BMM were infected with WT L.
donovani metacyclic promastigotes, and 30 min prior to the readouts for OCR and ECAR, 50 mM 2 deoxy-D-glucose (2-DG) or 4 mm etomoxir was added to
the cells. (H, I, and J) BMM were infected with WT L. donovani metacyclic promastigotes, and 30 min prior to the readouts for OCR, 1 mM oligomycin, 1 mM
thioridazine, or 3 mM BPTES was added to the cells. The readouts in each sample were normalized using the protein concentration, and the measurements
were expressed as (OCR, ECAR, and PER)/mg protein. Representative graphic for three independent experiments (F to J). The data are presented as mean
values 6 SEM from three independent experiments. ****, P , 0.0001; ***, P , 0.001; **, P , 0.01; *, P , 0.05 according to a two-way ANOVA with
Dunnett’s multiple-comparation test.
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Inhibition of the glycolytic pathway with 2 deoxy-D-glucose (2-DG) 30 min prior to the
readouts significantly reduced L. donovani-induced OCR and ECAR (Fig. 1F and G). On
the other hand, while inhibition of mitochondrial b-oxidation with etomoxir 30 min prior
to the readouts had no major impact on OCR (Fig. 1F), we observed a significant increase
in ECAR at 4 h, 8 h, and 24 h postphagocytosis (Fig. 1G). These results indicate that L.
donovanimetacyclic promastigotes promote an increase in host cell mitochondrial activ-
ity in a glycolytic-dependent manner and that blocking mitochondrial b-oxidation
increases extracellular acidification. The reduction of OCR upon inhibition of the glyco-
lytic pathway can partially explain where energy comes from (20% to 40%). Thus, we
next sought to identify other carbon sources. Inhibition of ATP synthase (complex V)
with oligomycin 30 min prior to the readouts significantly reduced L. donovani-induced
OCR at 1 h, 4 h, 8 h, and 24 h postphagocytosis (Fig. 1H). Inhibition of peroxisomal b-oxi-
dation with thioridazine 30 min prior to the readouts significantly reduced L. donovani-
induced OCR at 1 h postphagocytosis and had no major impact on OCR at 4 h, 8 h, and
24 h postphagocytosis (Fig. 1I). On the other hand, inhibition of the glutamine oxidation
pathway with BPTES [bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl)ethyl sulfide] 30 min
prior to the readouts, had no major impact on OCR in L. donovani-infected BMM (Fig. 1J).
These results indicate that increased OCR in L. donovani-infected macrophages is inde-
pendent of glutaminolysis, is partially supported by peroxisomal b-oxidation during the
first hour postphagocytosis, and is complex V-dependent.

L. donovani metacyclic promastigotes stimulate host cell mitochondrial bio-
genesis in an LPG-dependent manner. To further investigate the contribution of LPG
to the metabolic changes induced in macrophages by L. donovani promastigotes, we
assessed the impact of this glycolipid on host cell mitochondrial biogenesis. To this
end, we used immunofluorescence confocal microscopy to quantify alterations in the
mitochondrial network area labeled with the outer mitochondrial membrane receptor
Tom20. Compared to uninfected BMM, we observed a doubling in the mitochondrial
network area relative to the cell area in BMM infected with either WT or Dlpg11LPG1 L.
donovani metacyclic promastigotes for 24 h (Fig. 2A and B and Fig. S3A). In contrast,
the mitochondrial network area remained unaltered in BMM infected with Dlpg1 meta-
cyclic promastigotes (Fig. 2A and B and Fig. S3A), suggesting that LPG participates in
mitochondrial biogenesis induction in BMM infected with L. donovani promastigotes.
To further demonstrate the impact of LPG on mitochondrial biogenesis, we infected
BMM with either WT, Dlpg1, or Dlpg11LPG1 L. donovani metacyclic promastigotes, and
we measured the mitochondrial/nuclear (mt/n) DNA ratio by quantitative PCR (qPCR),
using two mitochondrion-encoded genes, 16S ribosomal (MT-16S) and NADH dehydro-
genase 1 (MT-ND1) and the nuclear-encoded gene hexokinase-2 (HK2) for normaliza-
tion. As shown in Fig. 2C and Fig. S3B, WT and Dlpg11LPG1 metacyclic promastigotes
induced a 2-fold increase in the ratio of MT-16S and MT-ND1 relative to HK2 (mt/n DNA
ratio) at 8 h and 24 h postinfection compared to uninfected cells. In contrast, the mt/n
DNA ratio remained unaltered in BMM infected with Dlpg1 metacyclic promastigotes
(Fig. 2C and Fig. S3B), consistent with a requirement for LPG in the induction. An
increase in the mt/n DNA ratio was induced at a low parasite-to-macrophage ratio and
was not significantly augmented at higher parasite loads (Fig. S3C). This macrophage
response was also induced by metacyclic promastigotes from other Leishmania spe-
cies, and the extent and kinetics of increased mitochondrial DNA (mtDNA) content in
BMM infected with L. mexicana, L. major, and L. amazonensis metacyclic promastigotes
were similar to those observed in BMM infected with L. donovani (Fig. S3D).

L. donovani metacyclic promastigotes induce the expression of genes associ-
ated with mitochondrial biogenesis in an LPG-dependent manner. Mitochondrial
biogenesis is a highly coordinated process that requires the expression of nuclear and
mitochondrial genes and is regulated by specific signaling modules, transcription fac-
tors, and regulators of gene expression (14, 15, 32). We evaluated the impact of L.
donovani metacyclic promastigotes and of LPG on the expression kinetics of the genes
encoding PGC-1a (PARGC1A) and nuclear respiratory factor 1 (NRF1), two key regula-
tors of gene expression associated with mitochondrial biogenesis and metabolism (14,
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FIG 2 L. donovani metacyclic promastigotes stimulate host cell mitochondrial biogenesis in an LPG-dependent manner. (A) Distribution of Tom20 (red) in
BMM infected for 24 h with either WT, Dlpg1, or Dlpg11LPG1 L. donovani metacyclic promastigotes. DAPI staining for DNA is in blue, and 2�-enlarged
insets of representative mitochondria regions are shown. (B) Quantification of the mitochondrial network area relative to the cell area. (C) Mitochondrial/
nuclear (mt/n) DNA ratio (MT-16S/HK2) in BMM infected with either WT, Dlpg1, or Dlpg11LPG1 L. donovani metacyclic promastigotes. (D) Kinetics of
PARGC1A expression in BMM infected with either WT, Dlpg1, or Dlpg11LPG1 L. donovani metacyclic promastigotes. (E) Protein levels of AMPK-P-Thr172 and

(Continued on next page)
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15, 32). We included in our analysis the phosphorylation of AMPK, a kinase which par-
ticipates in mitochondrial biogenesis by potentiating the transcriptional activity of
PGC-1a (11, 14). We observed that both WT and Dlpg11LPG1 metacyclic promasti-
gotes induced a 2-fold increase in the expression of PARGC1A at 8 h and 24 h postin-
fection and a 1.5-fold increase in the expression of NRF1 at 8 h postinfection. In con-
trast, neither PARGC1A nor NRF1 were induced by the Dlpg1 mutant (Fig. 2D, Fig. S3E).
Interestingly, L. donovani metacyclic promastigotes, but not LPS, activated the phos-
phorylation of AMPK on Thr172, independently of LPG (Fig. 2E, Fig. S3J). We next
assessed the expression of genes encoding components of the electron transport
chain and associated with mitochondrial metabolism in infected BMM. We observed
that both WT and Dlpg11LPG1 metacyclic promastigotes increased by 2- to 3-fold the
expression of genes encoded in the host cell nuclear (COX4I1 and NDUFA9) and mito-
chondrial (MT-ND1, MT-CO1, MT-CO2) genomes (Fig. 2F and G, Fig. S3F to H). In con-
trast, expression of those genes remained unchanged in BMM infected with Dlpg1
metacyclic promastigotes (Fig. 2F and G, Fig. S3F to H). Western blot analyses con-
firmed the increased levels of mitochondrial proteins COX IV, NDUFA9, and Tom20 in
BMM infected for 24 h with WT L. donovani metacyclic promastigotes compared to
unstimulated BMM (Fig. S3I). These results are consistent with a requirement for LPG in
the induction of mitochondrial biogenesis by L. donovani promastigotes. We next
determined whether LPG is sufficient to stimulate mitochondrial biogenesis. To this
end, we incubated BMM with either heat-killed or live L. donovani metacyclic promasti-
gotes for 8 h, and we included polystyrene beads as phagocytic controls. As shown in
Fig. S4A and B, only live WT L. donovani stimulated an increased mt/n (MT-16S/HK2)
DNA ratio and PARGC1A gene expression. Additionally, we fed BMM with either zymo-
san or LPG-coated zymosan and measured the mt/n (MT-16S/HK2) DNA ratio and the
expression of PARGC1A at 8 h postinternalization. Similar to WT L. donovani promasti-
gotes, phagocytosis of LPG-coated zymosan resulted in the rapid redistribution of LPG
within BMM (Fig. S4C). However, as shown in Fig. S4D and E, neither zymosan nor LPG-
coated zymosan stimulated mitochondrial biogenesis as assessed by measuring the
mt/n (MT-16S/HK2) DNA ratio and the expression of PARGC1A at 8 h postinternalization.
To rule out the possibility that serum-opsonization influenced the stimulation of mito-
chondrial biogenesis by L. donovani metacyclic promastigotes, we compared the
responses of BMM infected with unopsonized or serum-opsonized WT, Dlpg1, or
Dlpg11LPG1 L. donovani metacyclic promastigotes. As shown in Fig. S5A and B,
unopsonized and opsonized WT and Dlpg11LPG1 L. donovani promastigotes induced
a 2-fold increase in the ratio of MT-16S relative to HK2 (mt/n DNA ratio) and a 2- to 4-
fold increase in the expression of PARGC1A at 24 h postinfection. In contrast, neither
unopsonized nor opsonized Dlpg1 L. donovani promastigotes stimulated an increase in
the mt/n DNA ratio and the expression of PARGC1A. Collectively, these results support
the notion that LPG is essential but not sufficient for the induction of mitochondrial
biogenesis and expression of the respiratory chain components by live L. donovani
metacyclic promastigotes.

Following internalization by macrophages, promastigotes differentiate into amasti-
gotes, which are the mammalian-adapted forms of the parasite that replicate within
phagolysosomes (33). To determine whether increased mitochondrial biogenesis
induced during the internalization of metacyclic promastigotes is a transient event or
persists as the parasites differentiate and replicate, we assessed the mt/n (MT-16S/HK2)
DNA ratio and the expression of PARGC1A up to 72 h following the infection of BMM
with L. donovani metacyclic promastigotes. As shown in Fig. 3A and B, compared to

FIG 2 Legend (Continued)
AMPK in BMM infected with L. donovani metacyclic promastigotes. BMM treated with 2.5 mM oligomycin for 30 min were used as the positive control for
AMPK-P-Thr172. b-Actin was used as a loading control. Representative immunoblots for two independent experiments. (F and G) Kinetics of (F) COX4I1 and
(G) MT-ND1 expression in BMM infected with either WT, Dlpg1, or Dlpg11LPG1 L. donovani metacyclic promastigotes. The data are presented as means
values 6 SEM from three independent experiments. ****, P , 0.0001; **, P , 0.01; *, P , 0.05 according to a one-way ANOVA with Dunnett’s multiple-
comparation test.
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FIG 3 L. donovani amastigotes stimulate host cell mitochondrial biogenesis in vitro and in vivo. (A to C) BMM were infected with either L. donovani metacyclic
promastigotes or amastigotes, and (A) the mitochondrial/nuclear (mt/n) DNA ratio (MT-16S/HK2), (B) the kinetics of PARGC1A expression, and (C) the mitochondrial network
area relative to the cell area were determined. (D) Electron microscopy assessment of spleen from uninfected and L. donovani-infected hamsters. A, M, and N represent
amastigotes, mitochondria, and nuclei, respectively. 5�-enlarged insets of representative mitochondrial regions are shown. (E and F) The numbers of mitochondrial (E) and
cristae (F) were determined. The data are presented as mean values 6 SEM from three independent experiments. (A to C) ****, P , 0.0001; **, P , 0.01; *, P , 0.05
according to a one-way ANOVA with Dunnett’s multiple-comparation test. (E and F) ****, P , 0.0001 according to an unpaired t test with Welch’s correction.
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uninfected BMM, a 2-fold increase in the mt/n DNA ratio was maintained in infected
BMM up to 72 h, whereas expression of PARGC1A was increased by 4-fold at 48 h and
72 h postinfection, at the time when promastigotes are fully differentiated into amasti-
gotes. These results led us to assess mitochondrial biogenesis in BMM infected with L.
donovani amastigotes isolated from the spleen of infected hamsters. Similar to metacy-
clic promastigotes, amastigotes induced a 2-fold increase in the mt/n (MT-16S/HK2)
DNA ratio at 48 h and 72 h postinfection and a 4-fold increase in the expression of
PPARGC1A at 72 h postinfection compared to uninfected BMM (Fig. 3A and B). These
changes in the mt/n (MT-16S/HK2) DNA ratio correlated with an increased mitochon-
drial network area relative to cell area in BMM infected with either promastigotes or
amastigotes for 72 h (Fig. 3C, Fig. S4F). As expected, infection with L. donovani metacy-
clic promastigotes did not change the BMM nuclear/nuclear (Pecam/HK2) DNA ratio
over the course of infection (Fig. S4G). To further investigate the mechanism by which
amastigotes stimulate mitochondrial biogenesis, we used amastigotes recovered from
BMM infected for 24 h with either WT or Dlpg1 L. donovani metacyclic promastigotes.
We infected BMM with either WT or Dlpg1 L. donovani amastigotes, and we assessed
the mt/n (MT-16S/HK2) DNA ratio and the expression of PARGC1A at 24 h postinfection.
As shown in Fig. S5C and D, similar to splenic amastigotes, WT amastigotes isolated
from infected BMM promoted an increase in the mt/n (MT-16S/HK2) DNA ratio and
PARGC1A gene expression compared to uninfected BMM. In contrast, the mt/n (MT-
16S/HK2) DNA ratio and PARGC1A gene expression remained unaltered in BMM
infected with Dlpg1 amastigotes compared to uninfected BMM (Fig. S5A and B).
Collectively, these results suggest that LPG or a structurally related glycolipid contrib-
utes to the induction of mitochondrial biogenesis by L. donovani amastigotes. Next, we
assessed the impact of L. donovani infection on mitochondria in the spleen of infected
hamsters. Using transmission electron microscopy, we quantified the number of mito-
chondria and the number of cristae per mitochondria in cells from the spleens of unin-
fected and infected hamsters. As shown in Fig. 3D to F, we observed a 2-fold increase
in the number of mitochondria per cell in the spleen of infected hamsters compared to
cells from uninfected spleens. Importantly, we observed a significant increase in the
number of cristae per mitochondrion in infected spleens compared to uninfected
spleens. We also observed that L. donovani-containing vacuoles are surrounded by mi-
tochondria (Fig. 3D), suggesting a repositioning of these organelles in infected cells.
Collectively, these results are consistent with the notion that Leishmania induces mito-
chondrial biogenesis in host cells.

TLRs mediate host cell mitochondrial biogenesis induced by L. donovani meta-
cyclic promastigotes. We previously showed that LPG is shed from the surface of
internalized promastigotes and traffics out of the parasitophorous vacuole (34).
However, we did not observe significant colocalization between LPG and mitochondria
at various time points postinfection (Fig. S6), indicating that LPG acts on mitochondria
through receptor-mediated signaling pathways. Several TLRs have been implicated in
the recognition of Leishmania and Leishmania-derived components by various immune
cell types and in the modulation of host cell responses to infection (35–39). We there-
fore sought to assess the contribution of TLRs to the induction of mitochondriogenesis
triggered by L. donovani metacyclic promastigotes. Previous studies revealed that
depending on the Leishmania species and immune cell types involved, LPG may be
recognized by either TLR2, TLR4, or both (40–47). To determine whether these recep-
tors are required for the induction of mitochondrial biogenesis, we infected BMM from
WT, Tlr22/2, and Tlr42/2 mice with L. donovani metacyclic promastigotes and at 1 h
and 8 h postphagocytosis, we assessed the mt/n (MT-16S/HK2) DNA ratio by qPCR. As
shown in Fig. 4A, an increase in the mt/n DNA ratio induced by L. donovani metacyclic
promastigotes was completely abrogated in the absence of TLR4, whereas a partial
increase in the mt/n DNA ratio occurred in the absence of TLR2. Next, we evaluated by
real-time quantitative PCR (RT-qPCR) the expression kinetics of the PARGC1A gene. As
shown in Fig. 4B, induction of PARGC1A gene expression by L. donovanimetacyclic pro-
mastigotes required TLR4, whereas TLR2 was dispensable. We included in our analyses
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FIG 4 TLRs and the IFN-I signaling axis mediate host cell mitochondrial biogenesis induced by L. donovani
metacyclic promastigotes. BMM from either WT, Tlr22/2, Tlr42/2, or Unc93b1Letr/Letr mice were infected with WT

(Continued on next page)
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the expression of inducible nitric oxide synthase (iNOS), interleukin-6 (IL-6), and IL-10
using peptidoglycan (PGN) and LPS in BMM from Tlr22/2 and Tlr42/2 mice as controls
for the validation of the TLR-dependent pathways (Fig. S7A and B). These results estab-
lish a role for TLR4 in mediating mitochondriogenesis in response to L. donovani meta-
cyclic promastigotes. Endosomal TLRs also contribute to host cell responses triggered
by Leishmania (48–53). To determine the potential role(s) of endosomal TLRs in mito-
chondriogenesis, we used BMM derived from Unc93b1Letr/Letr mice (54). This mutation in
the Unc93b1 gene precludes proper assembly and function of TLR3, TLR7, and TLR9.
Expression of IL-6, IL-10, and hypoxia-inducible factor 1a (HIF-1a) is abrogated in BMM
from Unc93b1Letr/Letr stimulated with poly(I�C) but not with LPS (Fig. S7C and D). As
shown in Fig. 4C and D, L. donovani metacyclic promastigotes failed to increase the
mt/n DNA ratio and PARGC1A gene expression in Unc93b1Letr/Letr BMM, indicating that
similar to TLR4, endosomal TLRs are required for the induction of host cell mitochon-
drial biogenesis by L. donovani promastigotes.

Host cell mitochondrial biogenesis induced by L. donovani metacyclic promas-
tigotes requires the type I IFN signaling pathway. Activation of TLRs leads to the pro-
duction of type I IFNs in response to various pathogens, including Leishmania (47, 52, 53,
55–57). Given that type I IFNs were reported to modulate mitochondrial metabolism in plas-
macytoid dendritic cells (58), we investigated the possibility that autocrine signaling trig-
gered by these cytokines regulates mitochondrial biogenesis in response to L. donovani.
Using RT-qPCR, we first obtained evidence that L. donovani metacyclic promastigotes rap-
idly induced the expression of IFNA7 (which encodes IFN-a), but not of IFNB1 (which enco-
des IFN-b) in BMM (Fig. 4E, Fig. S7E). The observation that WT, Dlpg1, or Dlpg11LPG1 L.
donovani metacyclic promastigotes induced similar levels of IFNA7 gene expression indi-
cated that induction of IFN-a expression is LPG independent (Fig. 4F, Fig. S7F). Expression
of IFNA7was accompanied by an increase in the secretion of IFN-a by BMM infected with L.
donovani for 1 h, 8 h, and 24 h compared to uninfected BMM (Fig. S7G). The abolition of
IFNA7 gene expression observed in both Tlr42/2 and Unc93b1Letr/Letr BMM (Fig. 4G and H)
suggested that TLR4 and endosomal TLRs act in concert to mediate the production of type
I IFN in response to L. donovani metacyclic promastigotes. In contrast, the absence of TLR2
had no effect on the induction of IFNA7 expression by L. donovani promastigotes (Fig. S7H).
We next verified whether type I IFN participates in L. donovani-induced mitochondriogene-
sis, by infecting BMM derived from mice lacking the IFN-I receptor (Ifnar2/2) (59). In the ab-
sence of the IFN-I receptor, the L. donovani-induced increase of the mt/n (MT-16S/HK2) DNA
ratio was abrogated (Fig. 4I), whereas induction of PARGC1A gene expression remained
unaffected (Fig. 4J). Since type I IFN signaling contributes to L. donovani-induced mitochon-
driogenesis, we assessed the contribution of this pathway in the modulation of host macro-
phage mitochondrial metabolism using live cell extracellular flux analysis. As shown in
Fig. 5A to D and Fig. S8A to C, absence of the IFN-I receptor (Ifnar2/2 BMM) had no effect
on the L. donovani-induced changes in the various parameters of mitochondrial metabo-
lism examined (OCR, ECAR, PER, OCR/ECAR, basal respiration, mitochondrial ATP produc-
tion, maximal respiration), as well as on the phosphorylation of AMPK (Fig. 5E). These results
indicate that L. donovani induces an LPG-independent expression of IFN-a, which acts in an
autocrine manner to stimulate an increase in the mt/n DNA ratio.

FIG 4 Legend (Continued)
L. donovani metacyclic promastigotes. (A to D) At the indicated time points, the mt/n DNA ratio (MT-16S/HK2)
and PARGC1A expression were determined. (E) BMM were infected with WT L. donovani metacyclic
promastigotes, and at the indicated time points IFNA7 expression was determined. (F) BMM were infected with
either WT, Dlpg1, or Dlpg11LPG1 L. donovani metacyclic promastigotes, and at the indicated time points IFNA7
expression was determined. (G and H) BMM from either WT, Tlr42/2, or Unc93b1Letr/Letr mice were infected with
WT L. donovani metacyclic promastigotes, and at the indicated time points IFNA7 expression was determined. (I
and J) BMM from either WT or Ifnar2/2 mice were infected with WT L. donovani metacyclic promastigotes, and
at the indicated time points the (I) mt/n DNA ratio (MT-16S/HK2) and (J) PARGC1A expression were determined.
The data are presented as mean values 6 SEM from three independent experiments. (A to D and F to J) ****,
P , 0.0001; ***, P , 0.001; **, P , 0.01; *, P , 0.05 according to a two-way ANOVA with Dunnett’s multiple-
comparation test. (E) ****, P , 0.0001; ***, P , 0.001 according to a one-way ANOVA with Dunnett’s multiple-
comparation test.
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Mitochondrial biogenesis contributes to the ability of L. donovani promasti-
gotes to colonize BMM.We next investigated the biological relevance of LPG-induced
mitochondrial biogenesis with respect to the ability of L. donovani metacyclic promas-
tigotes to colonize macrophages. Since TLR4, endosomal TLRs, and the IFN-I receptor
are essential for the induction of mitochondrial biogenesis (Fig. 4A to D and I to J), we
compared the fate of WT L. donovani metacyclic promastigotes in wild-type, Tlr42/2,
Unc93b1Letr/Letr, and Ifnar2/2 BMM. Given that TLR2 has no influence on mitochondrial
biogenesis, we included Tlr22/2 BMM as a control. As shown in Fig. 6A and B, L.

FIG 5 Alteration of host cell bioenergetic metabolism by L. donovani metacyclic promastigotes is independent of IFNAR.
(A to D) BMM from either WT or Ifnar 2/2 mice were infected with WT L. donovani metacyclic promastigotes, and at 4 h
and 24 h postinfection the OCR, ECAR, and PER and the OCR/ECAR ratio were determined. The readouts in each sample
were normalized using the protein concentration, and the measurements were expressed as (OCR, ECAR and PER)/mg
protein. (E) BMM from either WT or Ifnar2/2 mice were infected with WT L. donovani metacyclic promastigotes, and at 1 h
and 8 h postinfection the protein levels of AMPK-P-Thr172 and AMPK were determined by Western blot analysis. BMM
were treated with 0.1 mM AICAR for 4 h. b-Actin was used as a loading control. Representative immunoblots for two
independent experiments. The data are presented as mean values 6 SEM from three independent experiments. (A to D)
****, P , 0.0001; **, P , 0.01; *, P , 0.05 according to a two-way ANOVA with Dunnett’s multiple-comparation test.
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FIG 6 Mitochondrial biogenesis contributes to the ability of L. donovani promastigotes to colonize BMM. (A and B) WT, Tlr22/2, Tlr42/2, Unc93b1Letr/Letr, or
Ifnar 2/2 BMM were infected with L. donovani metacyclic promastigotes, and parasitemia was assessed at the indicated time points. (C) BMM were treated

(Continued on next page)
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donovani metacyclic promastigotes replicated over 48 h postphagocytosis in wild-type
BMM. The absence of TLR2 had no impact on the internalization and subsequent sur-
vival of L. donovani, although we observed a slight reduction in replication after 48 h
in Tlr22/2 BMM compared to wild-type BMM. In contrast, survival of L. donovani meta-
cyclic promastigotes and their subsequent replication was significantly impaired in the
absence of TLR4, endosomal TLRs, or the IFN-I receptor. These results suggested that
induction of mitochondrial biogenesis mediated by those TLRs and the IFN-I receptor
contributes to the survival and replication of L. donovani in BMM. Since events down-
stream of those TLRs and the autocrine signaling triggered by IFN-a other than mito-
chondrial biogenesis may affect the outcome of L. donovani infection, we determined
the fate of L. donovani in BMM in which mitochondriogenesis was pharmacologically
induced prior to infection. To this end, we infected BMM pretreated with AICAR (60),
an activator of AMPK which stimulates mitochondrial biogenesis as assessed by the
increased mt/n DNA ratio (MT-ND1/HK2 and MT-16S/HK2), expression of PARGC1A and
NRF1, and phosphorylation of AMPK (Fig. 6C to E). As shown in Fig. 6F, at 24 h and 48 h
postinfection, replication of both WT and Dlpg11LPG1 metacyclic promastigotes was
significantly increased in AICAR-treated BMM compared to unstimulated BMM.
Strikingly, whereas the Dlpg1 mutant was cleared in unstimulated BMM, there was a
significant increase in the parasite burden (3-fold) of this mutant in AICAR-treated
BMM at 48 h postinfection compared to unstimulated BMM (Fig. 6F). A recent report
indicated that AICAR significantly decreased the production of reactive oxygen species
(ROS) in N-formylmethionyl-leucyl-phenylalanine (fMLF)-stimulated macrophages (61).
To determine whether the increased survival of the Dlpg1 mutant in AICAR-treated
BMM was related to impaired ROS production, we compared the fate of WT and Dlpg1
L. donovani metacyclic promastigotes in BMM from WT and gp91phox–/– mice pretreated
or not with AICAR. As shown in Fig. 6G, at 72 h postinfection, the absence of gp91phox–/–

had no significant impact on the fate of both WT and Dlpg1 L. donovani promastigotes
in control BMM, whereas we observed a slight increase in the parasite burden in
gp91phox–/– BMM pretreated with AICAR for both WT and Dlpg1 L. donovani metacyclic
promastigotes. These results indicate that increased survival of the Dlpg1 mutant in
AICAR-treated BMM is not related to an inhibition of ROS production. Moreover, these
results suggest that pharmacological induction of mitochondrial biogenesis and stimula-
tion of PGC-1a expression creates a metabolically adapted environment favorable to the
replication of L. donovani and that enables the avirulent L. donovani Dlpg1mutant to sur-
vive in BMM. These observations led us to explore the possible link between heme syn-
thesis in the context of mitochondrial biogenesis (62) and the ability of Leishmania to es-
tablish infection. Heme synthesis is associated with increased electron transport chain
and with enhanced OXPHOS (63–66). The first biosynthetic step occurs in the mito-
chondrion and is catalyzed by the 5-aminolevulinic acid synthase (ALAS1), which is the
rate-limiting heme biosynthetic enzyme (67). Expression of ALAS1 is tightly regulated
and is under the control of NRF-1 and PGC-1a (68). Similar to the induction of these two
regulators of gene expression associated with mitochondrial biogenesis and metabolism
(Fig. 2D, Fig. S3E), we found that L. donovani metacyclic promastigotes induce high
ALAS1 gene expression, as determined by RT-qPCR (Fig. 6H). These results indicate that L.
donovani stimulates heme biosynthesis during host cell infection. To assess the impact
of heme biosynthesis on the ability of L. donovani to replicate in BMM, we inhibited the

FIG 6 Legend (Continued)
with 0.1 mM AICAR for 4 h, and the levels of AMPK-P-Thr172 and AMPK were determined by Western blot analysis. b-Actin was used as a loading control.
Representative immunoblots for two independent experiments. (D and E) BMM were incubated for 24 h with 0.1 mM AICAR and the (D) mt/n DNA ratio
(MT-16S/HK2 and MT-ND1/HK2) and (E) PARGC1A and NRF1 expression were determined. (F) BMM were incubated with 0.1 mM AICAR for 4 h prior to
infection with either WT, Dlpg1, or Dlpg11LPG1 L. donovani metacyclic promastigotes. At the indicated time points (with or without AICAR), parasite
burden was assessed. (G) WT or gp91phox-/- BMM were incubated with 0.1 mM AICAR for 4 h prior to infection with either WT or Dlpg1 L. donovani
metacyclic promastigotes. At the indicated time points (with or without AICAR), parasite burden was assessed. (H) BMM were infected with L. donovani
metacyclic promastigotes, and at the indicated time points ALAS1 expression was assessed. (I) BMM were infected with L. donovani metacyclic
promastigotes in the absence or presence 100 mM S.A., and parasite burden was assessed at the indicated time points. The data are presented as means
values 6 SEM from three independent experiments. (A, E, and F,) ****, P , 0.0001; ***, P , 0.001; **, P , 0.01; *, P , 0.05 according to a two-way ANOVA
with Dunnett’s multiple-comparation test.
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second heme biosynthetic enzyme, aminolevulinic acid dehydratase (ALAD), which cata-
lyzes the conversion of 5-aminolevulinic acid into porphobilinogen. To this end, BMM
were incubated with 100 mM succinylacetone 4 h prior to infection, and the inhibitor
was maintained for 72 h postinfection. At this concentration, succinylacetone had no
effect on the growth of L. donovani promastigotes in vitro (data not shown). As shown in
Fig. 6I, inhibition of ALAD prevented the replication of L. donovani, indicating that heme
biosynthesis during mitochondrial biogenesis contributes to the ability of this parasite to
colonize macrophages.

DISCUSSION

In the present study, we investigated the mechanisms by which L. donovani meta-
cyclic promastigotes alter host cell mitochondrial biology. We describe an essential
role for the virulence glycolipid LPG in the stimulation of OXPHOS and in the induction
of mitochondrial biogenesis in infected macrophages. Additionally, we demonstrate
that mitochondriogenesis requires the action of type I IFN, which is induced independ-
ently of LPG. Coupled to the observation that pharmacological induction of mitochon-
drial biogenesis increases the permissiveness of macrophages to L. donovani, this study
supports the notion that mitochondrial biogenesis creates a metabolically adapted
environment propitious to the replication of the parasite.

Given the importance of LPG for Leishmania promastigotes to colonize their host cells
(26–28, 69–72), we sought to determine the potential role of this virulence glycolipid in
the modulation of host cell mitochondrial biogenesis and metabolism. As previously
reported for L. infantum (9), we found that L. donovani metacyclic promastigotes stimu-
late OXPHOS, enhance macrophage mitochondrial mass, and induce the expression of
PGC-1a and NRF1 as well as respiratory gene expression. Taking advantage of a geneti-
cally and structurally defined L. donovani mutant defective in the synthesis of LPG
(Dlpg1) and of its complement counterpart (Dlpg11LPG1), we obtained evidence that
this molecule is essential for the profound changes in host cell mitochondrial biology
induced by L. donovani promastigotes. Thus, in addition to its important role in turning
off key host defense processes to protect promastigotes against the microbicidal
capacity of phagocytic cells (27, 28, 69–72), our work revealed that modification of host
cell metabolism represents an important function for LPG. Similar to metacyclic promas-
tigotes, we observed that splenic amastigotes efficiently stimulate mitochondrial biogen-
esis in BMM and in the spleen of infected hamsters. Previous reports indicated that sple-
nic L. donovani amastigotes express reduced levels of LPG compared to promastigotes
(73, 74) and that they express LPG-like glycolipids which share several chemical and
structural properties with promastigote LPG (74). The observation that Dlpg1 L. donovani
amastigotes failed to trigger increase in the mt/n (MT-16S/HK2) DNA ratio and in
PARGC1A gene expression suggests that the levels of LPG or LPG-like glycolipids
expressed by amastigotes are sufficient to stimulate mitochondrial biogenesis. Previous
reports identified TLR2 and TLR4 as the receptors responsible for the recognition of LPG
from various Leishmania species (40, 42, 44, 46, 75–77). Our findings indicate that TLR4 is
essential for the stimulation of PGC-1a expression and of mitochondrial biogenesis and
are consistent with a role for this receptor in the recognition of LPG. However, LPG by
itself is not sufficient to stimulate PGC-1a expression and mitochondrial biogenesis, indi-
cating that additional factors are necessary. Hence, we found that mitochondrial biogen-
esis requires an LPG-independent pathway linked to the expression of type I IFN.
Interestingly, this pathway also involves TLR4, suggesting that this receptor plays a dual
role in the control of mitochondrial biogenesis. Although we have not investigated the
ligand(s) responsible for TLR4-mediated induction of type I IFN, previous studies evi-
denced a key role for the neutrophil elastase-TLR4 pathway in this process (47). Using
BMM from Unc93b1Letr/Letr mice (54), we found that in addition to TLR4, induction of mito-
chondrial biogenesis and of type I IFN expression by L. donovani metacyclic promasti-
gotes requires endosomal TLRs. Several studies have highlighted the contribution of
these receptors in the host response to various Leishmania species (37–39, 41, 48–52,
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78). Recent work revealed that TLR3 is the endosomal TLR that mediates type I IFN
expression in response to L. donovani (53), consistent with the defective type I IFN
expression in L. donovani-infected Unc93b1Letr/Letr BMM. Little is known concerning the
nature of Leishmania ligand(s) recognized by TLR3, with the exception of the double-
stranded RNA virus LRV1 (48) present in isolates of various Leishmania species (79). It is
noteworthy that TLR3 contributes to the recognition of L. donovani promastigotes de-
spite the fact that these parasites do not harbor double-stranded RNA viruses (41, 53).
The nature of the L. donovani-derived ligand(s) recognized by TLR3 thus remains to be
elucidated. One possibility is that extracellular vesicles containing RNA (80) are released
within the parasitophorous vacuoles and activate endosomal TLRs. Alternatively, TLR3
may be activated by RNA released by apoptotic parasites present in metacyclic promasti-
gote populations (81).

In the absence of IFNAR, L. donovani promastigotes fail to induce mitochondrial bio-
genesis, consistent with the notion that type I IFN acts in an autocrine manner in this
process. The fact that L. donovani-induced mitochondrial biogenesis does not take
place in Ifnar2/2 BMM despite the induction of PGC-1a expression illustrates the com-
plexity of the pathways involved in this process and highlights the multiple roles of
PGC-1a in the modulation of energetic metabolism. Interestingly, our results indicate
that type I IFN signaling does not play a significant role in the stimulation of OXPHOS
and glycolysis in L. donovani-infected macrophages. This contrasts with the recent find-
ings with Mycobacterium tuberculosis infection, which is characterized by a decrease in
both glycolysis and mitochondrial respiration (24). In that study, the authors found
that type I IFN is directly responsible for the reduced macrophage energy metabolism
during M. tuberculosis infection, suggesting that the effects of type I IFN are pathogen
and context specific.

Several studies have highlighted a protective role for type I IFN in leishmaniasis (30,
82, 83). However, accumulating evidence indicates that type I IFN signaling also plays a
detrimental role for the host, favoring intracellular parasite replication (47, 52, 53, 56,
83–86). Consistently, targeting type I IFN during anti-Leishmania drug treatment was
shown to improve Th1 cell-mediated immunity (87). Based on our results, it is tempting
to speculate that type I IFN contributes to the ability of Leishmania to proliferate within
its host through the stimulation of mitochondrial biogenesis. In this regard, our results
support the notion that induction of mitochondriogenesis by L. donovani promasti-
gotes is important for the host cell colonization process. Indeed, in agreement with
previous reports (47, 53), survival and replication of L. donovani was markedly impaired
in TLR4-, endosomal-, and IFNAR-deficient macrophages, in which the parasite fails to
induce mitochondrial biogenesis. Additionally, pharmacological induction of mito-
chondrial biogenesis significantly increased the permissiveness of macrophages to L.
donovani replication, suggesting that induction of mitochondrial biogenesis creates a
metabolically adapted environment propitious to the replication of the parasite.
Similar findings were previously reported for L. infantum-infected BMM (9). This con-
trasts with several pathogens, including Mycobacterium tuberculosis, Haemophilus para-
suis, Staphylococcus aureus, and Plasmodium falciparum, whose survival and replication
were impaired by AICAR pretreatment of their host cells (88–90). Strikingly, the aviru-
lent LPG-defective L. donovani Dlpg1 mutant, which does not induce mitochondrial
biogenesis, survived in BMM pretreated with AICAR. This finding suggests that pharma-
cological stimulation of mitochondrial biogenesis bypasses the requirement for LPG to
create conditions favorable to the parasite’s development within host cells.

Because heme is an essential cofactor for several enzymes of the electron transport
chain, its synthesis plays a central role in mitochondrial biology and in OXPHOS complex
formation and function (63–66). Hence, the first and rate-limiting step of heme synthesis
occurs in mitochondria and is catalyzed by ALAS1 to generate 5-aminolevulinic acid (67).
Expression of ALAS1 is tightly regulated and is under the control of PGC-1a (68), which
also controls mitochondrial biogenesis and oxidative metabolism (13–15, 17). Our find-
ings that L. donovani promastigotes induce ALAS1 expression and that pharmacological
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inhibition of the second heme biosynthetic step impaired the ability of L. donovani to
replicate within host macrophages support the importance of this parasite to induce mi-
tochondrial biogenesis and of OXPHOS for its development within mammalian hosts.
Additionally, Leishmania is a heme auxotroph that must acquire heme or heme precur-
sors from the host to develop intracellularly (91). Activation of heme biosynthesis upon
host cell colonization may thus also serve to fulfill the heme requirement of Leishmania
(92). Future studies will be required to elucidate this issue.

In sum, we provide novel information on the mechanisms leading to mitochondrial
biogenesis and metabolic reprograming in macrophages infected with L. donovani.
Our results are consistent with the notion of pathogen-specific metabolic rewiring (21),
which results from the intricate interplay between complex sets of pathogen mole-
cules and host cell receptors.

MATERIALS ANDMETHODS
Ethics statement. Animal work was conducted in accordance with protocols 1706-06 and 1706-07,

which were approved and defined by the Committee Institutionel de Protection des Animaux of the
INRS-Armand-Frappier Santé Biotechnologie. These protocols respect the procedures on animal practice
stipulated by the Canadian Council on Animal Care (CCAC).

Animals and parasites. C57BL/6 (JAX stock no. 000664), Tlr22/2 ([93], JAX stock no. 004650), Tlr42/2

(JAX stock no. 029015), and gp91phox–/– (JAX stock no. 002365) female and male mice were purchased
from The Jackson Laboratories. Ifnar2/2 (59) (kindly provided by Alain Lamarre, Institut National de la
Recherche Scientifique) and Unc93b1Letr/Letr mice (54) (kindly provided by Salman Qureshi, McGill
University) were bred and housed at the Institut National de la Recherche Scientifique animal facility
under specific-pathogen-free conditions and used at 8 to 12 weeks of age. Female HsdHan:AURA ham-
sters of 4 to 6 weeks of age were purchased from Harlan Sprague Dawley, Inc. Promastigotes of L. dono-
vani (MHOM/ET/67/Hu3:LV9), L. major NIHS (MHOM/SN/74/Seidman), L. amazonensis LV79 (MPRO/BR/
72/M 1841), and L. mexicana (MNYC/BZ/62/M379) were cultured in Leishmania medium (M199 medium
supplemented with 10% heat-inactivated fetal bovine serum [FBS] [HyClone], 100 mM hypoxanthine,
10 mM HEPES, 5 mM hemin, 3 mM biopterin, 1 mM biotin, penicillin [100 U/mL], and streptomycin
[100 mg/mL]) at 26°C. The isogenic L. donovani Dlpg1 mutant (71) was cultured in M199 medium supple-
mented with hygromycin (100 mg/mL), and its complemented counterpart L. donovani Dlpg11LPG1 (71)
was cultured in M199 medium supplemented with hygromycin (100 mg/mL) and zeocin (100 mg/mL).
Amastigotes of L. donovani (MHOM/ET/67/Hu3:LV9) were isolated from the spleens of hamsters infected
8 to 12 weeks earlier with 1.5 � 108 amastigotes by intraperitoneal inoculation (94). To isolate in vitro
amastigotes, AICAR-pretreated BMM were infected with either WT or Dlpg1 L. donovani for 24 h and
were lysed for 5 min in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 0.05% SDS.

Macrophage culture and infections. Marrow was extracted from the femurs and tibias of 8- to 12-
week-old male and female mice and differentiated for 7 days into bone marrow-derived macrophages
(BMM) in Dulbecco’s modified Eagle’s medium with glutamine (DMEM; Thermo Fisher Scientific) contain-
ing 10% heat-inactivated fetal bovine serum (FBS; HyClone), 10 mM HEPES, pH 7.4, penicillin (100 IU/mL)
and streptomycin (100 mg/mL) and supplemented with 15% (vol/vol) L929 cell-conditioned medium as
a source of colony-stimulating factor-1 (CSF-1) in a 37°C incubator with 5% CO2. BMM were made quies-
cent by culturing them in DMEM without CSF-1 for 24 h prior to infection or pharmacological treat-
ments. For infections, metacyclic promastigotes were enriched from late stationary-phase cultures using
Ficoll gradients, as previously described (95). Complement opsonization of metacyclic promastigotes,
heat-killed metacyclic promastigotes, polystyrene beads, zymosan, and LPG-coated zymosan was per-
formed prior to macrophage internalization through incubation in Hank’s balanced salt solution (HBSS)
containing 10% C5-deficient serum from DBA/2 mice for 30 min at 37°C. Adherent BMM were then incu-
bated at 37°C with metacyclic promastigotes or particles, and after 3 h of incubation, noninternalized
parasites were removed by washing three times with warm HBSS. Since LPG may reduce the phagocyto-
sis of Leishmania promastigotes, we ensured that similar levels of infection were achieved by infecting
BMM at multiplicities of infection (MOIs) of 7:1 for WT parasites, 6:1 for the Dlpg1 mutant, and 8:1 for the
Dlpg11LPG1. A particle-to-cell ratio of 7:1 was used for heat-killed parasites, polystyrene beads, and
zymosan or LPG-coated zymosan per BMM unless otherwise specified. For infection or treatments
shorter than 3 h, noninternalized parasites or particles were removed by washing three times with warm
HBSS at the specified time postphagocytosis and immediately processed. Intracellular parasitemia was
assessed at the indicated time point by counting the number of parasites per 100 infected BMM upon
staining with the Hema 3 staining kit. For pharmacological treatments, BMM were incubated with the
following compounds for the indicated time points: 100 ng/mL LPS (Escherichia coli, strain 0127: B8,
Sigma) for 6 h, 0.1 mM 5-aminoimidazole-4-carboxamide-1-b-D-ribofuranoside (AICAR, Sigma) for 4 h
and 24 h, 10 mg/mL PGN (BioChemika) for 18 h, 10 mg/mL poly(I�C) (Sigma) for 6 h, and 100 mM succinyl
acetone (S.A., Sigma) for 4 h.

Confocal immunofluorescence microscopy. BMM were seeded in 24-well plates containing micro-
scope coverslips (Fisher Scientific) and infected with either WT, Dlpg1, or Dlpg11LPG1 L. donovani meta-
cyclic promastigotes or were fed zymosan and LPG-coated zymosan and amastigotes for the indicated
time points. Cells were washed with phosphate-buffered saline (PBS), fixed with 3.7% paraformaldehyde
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(PFA) for 30 min, and then permeabilized in 0.1% Triton X-100 for 5 min. Then, the samples were blocked
in 10% bovine serum albumin for 1 h. Cells were incubated for 1 h using an anti-Tom20 rabbit polyclonal
antibody (1:200) and mouse monoclonal antibody (CA7AE, Cedarlane). BMM were next incubated with
an appropriate combination of secondary antibodies (anti-rabbit Alexa Fluor 568, 1:500, and anti-IGM
Alexa Fluor 488, 1:500) for 1 h. Macrophage and promastigote nuclei were stained with DAPI (Molecular
Probes). Coverslips were washed three times with PBS after every step, and all steps were performed at
room temperature. Analyses of Tom20 distribution were performed on a LSM780 confocal microscope
(Carl Zeiss Microimaging) using Plan Apochromat �63 oil-immersion differential interference contrast
(DIC) (NA 1.64) objective, and images were acquired in sequential scanning mode. Images were proc-
essed with ZEN 2012 software. At least 30 cells per condition were analyzed using Icy image analysis
software, and statistical differences were evaluated using one-way analysis of variance (ANOVA) followed
by Tukey’s posttests (three groups). Data were considered statistically significant when P was ,0.05, and
graphs were plotted with GraphPad Prism 5.

Quantitative PCR analysis. Total RNA from BMM was isolated using an RNeasy minikit (Qiagen)
according to the manufacturer’s protocol. RNA (2 mg) was reverse transcribed using Oligo(dT) 12-18
primer (Invitrogen), and real-time quantitative PCR (RT-qPCR) experiments were performed in independ-
ent biological replicates (at least 3 replicates); reactions were run in at least duplicate for each sample
using iTaq Universal SYBR green supermix (Bio-Rad) on a Stratagene mx3005p real-time PCR system
using 10 ng cDNA. Gene expression changes were analyzed using the comparative threshold cycle (CT)
method (DDCT) (96). Relative mRNA amounts were normalized to the Rps29 gene and expressed as the
fold increase compared to noninfected controls. To determine the mitochondrial/nuclear (mt/n) DNA ra-
tio, total BMM DNA was extracted using a DNeasy blood and tissue kit. Quantitative PCR (qPCR) experi-
ments were performed in independent biological replicates (at least 3 replicates), and reactions were
run at least in duplicates for each sample using iTaq Universal SYBR green supermix (Bio-Rad) on a
Stratagene mx3005p real-time PCR system using 10 ng DNA. The amount of mtDNA present per nuclear
genome was determined using the comparative CT method (DDCT) (96). Relative mtDNA amounts were
normalized to the hexokinase gene and expressed as the fold increase compared to noninfected con-
trols. The DNA and RNA concentrations were determined by optical density at 260 nm (OD260) measure-
ment using a NanoDrop spectrophotometer. The complete list of primers used is shown in Table S1.

Western blot analysis. Prior to lysis, adherent BMM were placed on ice and washed 3 times with
PBS containing 1 mM sodium orthovanadate and 5 mM 1,10-phenanthroline (Sigma). Cells were scraped
in the presence of lysis buffer containing 1% NP-40, 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA
(pH 8), 10 mM 1,10-phenanthroline, and phosphatase and protease inhibitors (Roche). After 24 h of incu-
bation at 270°C, lysates were centrifuged for 30 min, and the soluble phase was collected. After protein
quantification, 20 mg of protein was boiled (100°C) for 5 min in SDS sample buffer and migrated in SDS-
PAGE gels. Proteins were transferred onto Hybond-ECL membranes (Amersham Biosciences), blocked for
1 h in Tris-buffered saline (TBS) 1�-0.1% Tween containing 5% BSA, and incubated with primary anti-
bodies (diluted in TBS 1�-0.1% Tween containing 5% BSA) overnight at 4°C and then with suitable
horseradish peroxidase (HRP)-conjugated secondary antibodies for 1 h at room temperature.
Membranes were incubated in ECL (GE Healthcare), and immunodetection was achieved via chemilumi-
nescence. Densitometric analysis of Western blot bands was done using ImageJ software. Primary anti-
bodies were directed against total AMPKa (23A3, Cell Signaling), AMPKa phosphorylated at Thr172
(2531, Cell Signaling), Tom20 (Abcam), NDUFA 9 (Abcam), antiphosphoglycan (Galb1,4Mana1-PO4)
mouse monoclonal antibody (CA7AE, Cedarlane), anti-L. donovani aldolase rabbit polyclonal antibody
(kind gift from A. Jardim), and b-actin (Cell Signaling).

ELISA. IFN-a levels in supernatants were measured using an enzyme-linked immunosorbent assay
(ELISA) according to the manufacturer’s protocol. Each treatment was tested in duplicate. A mouse IFN-
a SimpleStep ELISA kit (catalog [cat.] no. ab252352) was purchased from Abcam (Burlingame, CA, USA).

Electron microscopy. Uninfected and L. donovani-infected spleens were recovered, and 2-mm2 sam-
ples were fixed with 1.3% (wt/vol) osmium tetroxide in collidine buffer for 1 h. The dehydration process
was done in 25%, 50%, 75%, and 95% solutions of acetone/ethanol in water for 30 min each, followed
by two changes of pure acetone/ethanol for 30 min each. Then, the samples were immersed for 16 to 18
h in Spurr:acetone (1:1). After that, the samples were immersed in two successive baths of Spurr mix-
tures for 2 h each. The samples were cut into smaller pieces, placed in BEEM capsules, filled using SPURR
mixtures, and left to stand at room temperature for 18 h. Then, the filled capsules were placed at 60° to
65°C for 30 h to polymerize the resin. The polymerized resins were cut into ultrathin sections on an ultra-
microtome and put onto a Formvar- and carbon-covered copper 200-mesh grid. The samples were
stained with uranyl acetate in 50% ethanol for 15 min, followed by lead citrate for 5 min. Image acquisi-
tions were made using an electronic microscope (Hitachi H-7100) with an AMT camera.

Metabolism assays. The bioenergetic profile of L. donovani-infected BMM was analyzed using an XF-
96 extracellular flux analyzer (Seahorse Bioscience). The oxygen consumption rate (OCR), extracellular acid-
ification rate (ECAR), and proton efflux rate (PER) were determined at the indicated time postinfection.
BMM were seeded at 8 � 104 cells/well in 100 mL of DMEM in XF-96 cell culture plates, and after an over-
night incubation period, cells were infected with WT, Dlpg1, and Dlpg11LPG1 L. donovani metacyclic pro-
mastigotes. One hour before the defined times of infection, the cells were washed and the medium was
changed to XF medium (buffered DMEM supplemented with 4.5 g/L glucose, 2% FBS, 2 mM L-glutamine,
100 U/mL penicillin, and 100 mg/mL streptomycin). The real-time measurement of the bioenergetic profile
was obtained under basal conditions and in response to oligomycin (1 mM), fluoro-carbonyl cyanide phe-
nylhydrazone (FCCP, 2 mM), rotenone (1 mM), and antimycin A (1 mM). The nonmitochondrial respiration
was obtained by subtracting the rotenone/antimycin A values. The spare respiratory capacity (SRC) was

Leishmania-Induced Mitochondrial Biogenesis mBio

November/December 2022 Volume 13 Issue 6 10.1128/mbio.02578-22 18

https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.02578-22


obtained by subtracting FCCP from basal OCR values, and the glycolytic capacity was defined as the varia-
tion between oligomycin and basal ECAR values. The procedure used in the experiments was established
according to the manufacturer’s (Seahorse) instructions. Glucose dependence was assessed using 2-deoxy-
glucose (2-DG, 50 mM), mitochondrial b-oxidation dependence was assessed using etomoxir (4 mM), glu-
taminolysis dependence was assessed using BPTES (3 mM), and peroxisomal b-oxidation dependence was
assessed using thioridazine (1mM). In all cases, the treatments were done 30 min prior the readouts of the
specific time point.

Statistics and reproducibility. GraphPad Prism 6 software was used to generate the graphs and sta-
tistical analyses. All experiments were conducted three independent times, unless otherwise specified in
the figure legends. Methods for statistical tests, exact value of n, and definition of error bars are indi-
cated in the figure legends; *, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001. All immunoblots
and images shown are representative of these independent experiments.

Data availability. All data generated or analyzed during this study are included in this published ar-
ticle and its supplemental information files.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, TIF file, 0.9 MB.
FIG S2, TIF file, 1.3 MB.
FIG S3, TIF file, 1.7 MB.
FIG S4, JPG file, 0.7 MB.
FIG S5, JPG file, 0.9 MB.
FIG S6, JPG file, 0.8 MB.
FIG S7, JPG file, 0.9 MB.
FIG S8, JPG file, 0.7 MB.
TABLE S1, TIF file, 1.1 MB.

ACKNOWLEDGMENTS
We thank Simona Stäger (Institut National de la Recherche Scientifique) and Salman

Qureshi (McGill University) for kindly providing Unc93b1Letr/Letr mice, Alain Lamarre
(Institut National de la Recherche Scientifique) for the kind gift of Ifnar2/2 mice, Maritza
Jaramillo (Institut National de la Recherche Scientifique) for the kind gift of purified LPG,
Jessy Tremblay for assistance in confocal immunofluorescence microscopy, and Simona
Stäger and Laurent Chatel-Chaix for critical comments on the manuscript.

This work was supported by Canadian Institutes of Health Research (CIHR) grant PJT-
156416 to A.D. A.D. is the holder of the Canada Research Chair on the biology of
intracellular parasitism. The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Conceptualization: H.A.O. and A.D.; methodology: H.A.O., M.-M.G.-V. and A.D.; formal
analysis: H.A.O. and A.D.; investigation: H.A.O.; resources: H.A.O. and A.D.; writing–
original draft: H.A.O. and A.D.; writing–review and editing: H.A.O. and A.D.; visualization:
H.A.O. and A.D.; supervision: A.D.; funding acquisition, A.D.

We declare no competing interests.

REFERENCES
1. Herwaldt BL. 1999. Leishmaniasis. Lancet 354:1191–1199. https://doi.org/

10.1016/S0140-6736(98)10178-2.
2. Serafim TD, Coutinho-Abreu IV, Dey R, Kissinger R, Valenzuela JG, Oliveira

F, Kamhawi S. 2021. Leishmaniasis: the act of transmission. Trends Parasi-
tol 37:976–987. https://doi.org/10.1016/j.pt.2021.07.003.

3. Kaye P, Scott P. 2011. Leishmaniasis: complexity at the host-pathogen inter-
face. Nat Rev Microbiol 9:604–615. https://doi.org/10.1038/nrmicro2608.

4. Chang CS, Chang KP. 1985. Heme requirement and acquisition by extracellular
and intracellular stages of Leishmania mexicana amazonensis. Mol Biochem
Parasitol 16:267–276. https://doi.org/10.1016/0166-6851(85)90069-6.

5. McConville MJ, Naderer T. 2011. Metabolic pathways required for the intra-
cellular survival of Leishmania. Annu Rev Microbiol 65:543–561. https://doi
.org/10.1146/annurev-micro-090110-102913.

6. Saunders EC, McConville MJ. 2020. Immunometabolism of Leishmania
granulomas. Immunol Cell Biol 98:832–844. https://doi.org/10.1111/imcb
.12394.

7. Ferreira C, Estaquier J, Silvestre R. 2021. Immune-metabolic interactions
between Leishmania and macrophage host. Curr Opin Microbiol 63:
231–237. https://doi.org/10.1016/j.mib.2021.07.012.

8. Rabhi I, Rabhi S, Ben-Othman R, Rasche A, Daskalaki A, Trentin B, Piquemal
D, Regnault B, Descoteaux A, Guizani-Tabbane L, Attia H, Ben Miled S,
Benkahla A, Bruno R, Cazenave PA, Checkmeneva E, Dellagi K, Gabdoulline
R, Ghedira K, Guerfali FZ, Gustin C, Herwig R, Hide W, Hofmann O,
Hornischer K, Kel A, Kiselev I, Kolpakov F, Kondrakhin Y, Kutumova E, Land
S, Laouini D, Lemaire J, Liebich I, Manchon L, Matys V, Michael H, Mkannez
G, Noguier F, Pierrat F, Renard P, Ryabova A, Jauregui SR, Schacherer F,
Sghaier RM, Sharipov R, Stegmaier P, Tiffin N, Tolstykh N, Valeev T, Sysco
Consortium, et al. 2012. Transcriptomic signature of Leishmania infected
mice macrophages: a metabolic point of view. PLoS Negl Trop Dis 6:e1763-
11. https://doi.org/10.1371/journal.pntd.0001763.

9. Moreira D, Rodrigues V, Abengozar M, Rivas L, Rial E, Laforge M, Li X,
Foretz M, Viollet B, Estaquier J, Cordeiro da Silva A, Silvestre R. 2015.

Leishmania-Induced Mitochondrial Biogenesis mBio

November/December 2022 Volume 13 Issue 6 10.1128/mbio.02578-22 19

https://doi.org/10.1016/S0140-6736(98)10178-2
https://doi.org/10.1016/S0140-6736(98)10178-2
https://doi.org/10.1016/j.pt.2021.07.003
https://doi.org/10.1038/nrmicro2608
https://doi.org/10.1016/0166-6851(85)90069-6
https://doi.org/10.1146/annurev-micro-090110-102913
https://doi.org/10.1146/annurev-micro-090110-102913
https://doi.org/10.1111/imcb.12394
https://doi.org/10.1111/imcb.12394
https://doi.org/10.1016/j.mib.2021.07.012
https://doi.org/10.1371/journal.pntd.0001763
https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.02578-22


Leishmania infantum modulates host macrophage mitochondrial metab-
olism by hijacking the SIRT1-AMPK axis. PLoS Pathog 11:e1004684.
https://doi.org/10.1371/journal.ppat.1004684.

10. Ty MC, Loke P, Alberola J, Rodriguez-Cortes A, Rodriguez-Cortes A. 2019.
Immuno-metabolic profile of human macrophages after Leishmania and
Trypanosoma cruzi infection. PLoS One 14:e0225588. https://doi.org/10
.1371/journal.pone.0225588.

11. Jäger S, Handschin C, St-Pierre J, Spiegelman BM. 2007. AMP-activated
protein kinase (AMPK) action in skeletal muscle via direct phosphoryla-
tion of PGC-1a. Proc Natl Acad Sci U S A 104:12017–12022. https://doi
.org/10.1073/pnas.0705070104.

12. Herzig S, Shaw RJ. 2018. AMPK: guardian of metabolism and mitochon-
drial homeostasis. Nat Rev Mol Cell Biol 19:121–135. https://doi.org/10
.1038/nrm.2017.95.

13. Scarpulla RC, Vega RB, Kelly DP. 2012. Transcriptional integration of mito-
chondrial biogenesis. Trends Endocrinol Metab 23:459–466. https://doi
.org/10.1016/j.tem.2012.06.006.

14. Dominy JE, Puigserver P. 2013. Mitochondrial biogenesis through activa-
tion of nuclear signaling proteins. Cold Spring Harb Perspect Biol 5:
a015008. https://doi.org/10.1101/cshperspect.a015008.

15. Austin S, St-Pierre J. 2012. PGC1alpha and mitochondrial metabolism–
emerging concepts and relevance in ageing and neurodegenerative dis-
orders. J Cell Sci 125:4963–4971. https://doi.org/10.1242/jcs.113662.

16. Miranda M, Bonekamp NA, Kuhl I. 2022. Starting the engine of the power-
house: mitochondrial transcription and beyond. Biol Chem 403:779–805.
https://doi.org/10.1515/hsz-2021-0416.

17. Scarpulla RC. 2011. Metabolic control of mitochondrial biogenesis
through the PGC-1 family regulatory network. Biochim Biophys Acta
1813:1269–1278. https://doi.org/10.1016/j.bbamcr.2010.09.019.

18. Popov LD. 2020. Mitochondrial biogenesis: an update. J Cell Mol Med 24:
4892–4899. https://doi.org/10.1111/jcmm.15194.

19. Russell DG, Huang L, VanderVen BC. 2019. Immunometabolism at the
interface between macrophages and pathogens. Nat Rev Immunol 19:
291–304. https://doi.org/10.1038/s41577-019-0124-9.

20. O’Neill LA, Pearce EJ. 2016. Immunometabolism governs dendritic cell
and macrophage function. J Exp Med 213:15–23. https://doi.org/10.1084/
jem.20151570.

21. Lachmandas E, Boutens L, Ratter JM, Hijmans A, Hooiveld GJ, Joosten LA,
Rodenburg RJ, Fransen JA, Houtkooper RH, van Crevel R, Netea MG,
Stienstra R. 2016. Microbial stimulation of different Toll-like receptor sig-
nalling pathways induces diverse metabolic programmes in human
monocytes. Nat Microbiol 2:16246. https://doi.org/10.1038/nmicrobiol
.2016.246.

22. Escoll P, Buchrieser C. 2019. Metabolic reprogramming: an innate cellular
defence mechanism against intracellular bacteria? Curr Opin Immunol 60:
117–123. https://doi.org/10.1016/j.coi.2019.05.009.

23. Cumming BM, Addicott KW, Adamson JH, Steyn AJ. 2018. Mycobacterium
tuberculosis induces decelerated bioenergetic metabolism in human
macrophages. Elife 7:e39169. https://doi.org/10.7554/eLife.39169.

24. Olson GS, Murray TA, Jahn AN, Mai D, Diercks AH, Gold ES, Aderem A. 2021.
Type I interferon decreases macrophage energy metabolism during myco-
bacterial infection. Cell Rep 35:109195. https://doi.org/10.1016/j.celrep
.2021.109195.

25. Turco SJ, Descoteaux A. 1992. The lipophosphoglycan of Leishmania par-
asites. Annu Rev Microbiol 46:65–94. https://doi.org/10.1146/annurev.mi
.46.100192.000433.

26. de Carvalho RVH, Andrade WA, Lima-Junior DS, Dilucca M, de Oliveira CV,
Wang K, Nogueira PM, Rugani JN, Soares RP, Beverley SM, Shao F,
Zamboni DS. 2019. Leishmania lipophosphoglycan triggers caspase-11
and the non-canonical activation of the NLRP3 inflammasome. Cell Rep
26:429–437.e5. https://doi.org/10.1016/j.celrep.2018.12.047.

27. Späth GF, Garraway LA, Turco SJ, Beverley SM. 2003. The role(s) of lipo-
phosphoglycan (LPG) in the establishment of Leishmania major infections
in mammalian hosts. Proc Natl Acad Sci U S A 100:9536–9541. https://doi
.org/10.1073/pnas.1530604100.

28. Desjardins M, Descoteaux A. 1997. Inhibition of phagolysosomal biogene-
sis by the Leishmania lipophosphoglycan. J Exp Med 185:2061–2068.
https://doi.org/10.1084/jem.185.12.2061.

29. Podinovskaia M, Descoteaux A. 2015. Leishmania and the macrophage: a
multifaceted interaction. Future Microbiol 10:111–129. https://doi.org/10
.2217/fmb.14.103.

30. Jaramillo M, Gomez MA, Larsson O, Shio MT, Topisirovic I, Contreras I,
Luxenburg R, Rosenfeld A, Colina R, McMaster RW, Olivier M, Costa-
Mattioli M, Sonenberg N. 2011. Leishmania repression of host translation

through mTOR cleavage is required for parasite survival and infection.
Cell Host Microbe 9:331–341. https://doi.org/10.1016/j.chom.2011.03.008.

31. van Teijlingen Bakker N, Pearce EJ. 2020. Cell-intrinsic metabolic regula-
tion of mononuclear phagocyte activation: Findings from the tip of the
iceberg. Immunol Rev 295:54–67. https://doi.org/10.1111/imr.12848.

32. Mehta MM, Weinberg SE, Chandel NS. 2017. Mitochondrial control of im-
munity: beyond ATP. Nat Rev Immunol 17:608–620. https://doi.org/10
.1038/nri.2017.66.

33. Chang KP, Dwyer DM. 1976. Multiplication of a human parasite (Leishma-
nia donovani) in phagolysosomes of hamster macrophages in vitro. Sci-
ence 193:678–680. https://doi.org/10.1126/science.948742.

34. Arango Duque G, Jardim A, Gagnon �E, Fukuda M, Descoteaux A. 2019.
The host cell secretory pathway mediates the export of Leishmania viru-
lence factors out of the parasitophorous vacuole. PLoS Pathog 15:
e1007982. https://doi.org/10.1371/journal.ppat.1007982.

35. Gurung P, Kanneganti TD. 2015. Innate immunity against Leishmania infec-
tions. Cell Microbiol 17:1286–1294. https://doi.org/10.1111/cmi.12484.

36. Bogdan C. 2020. Macrophages as host, effector and immunoregulatory
cells in leishmaniasis: Impact of tissue micro-environment and metabo-
lism. Cytokine X 2:100041. https://doi.org/10.1016/j.cytox.2020.100041.

37. Chauhan P, Shukla D, Chattopadhyay D, Saha B. 2017. Redundant and
regulatory roles for Toll-like receptors in Leishmania infection. Clin Exp
Immunol 190:167–186. https://doi.org/10.1111/cei.13014.

38. Dos-Santos AL, Carvalho-Kelly LF, Dick CF, Meyer-Fernandes JR. 2016.
Innate immunomodulation to trypanosomatid parasite infections. Exp
Parasitol 167:67–75. https://doi.org/10.1016/j.exppara.2016.05.005.

39. Shukla D, Patidar A, Sarma U, Chauhan P, Pandey SP, Chandel HS,
Bodhale N, Ghosh SK, Guzman CA, Ebensen T, Silvestre R, Sarkar A, Saha
B, Bhattacharjee S. 2021. Interdependencies between Toll-like receptors
in Leishmania infection. Immunology 164:173–189. https://doi.org/10
.1111/imm.13364.

40. Becker I, Salaiza N, Aguirre M, Delgado J, Carrillo-Carrasco N, Kobeh LG,
Ruiz A, Cervantes R, Torres AP, Cabrera N, González A, Maldonado C,
Isibasi A. 2003. Leishmania lipophosphoglycan (LPG) activates NK cells
through toll-like receptor-2. Mol Biochem Parasitol 130:65–74. https://doi
.org/10.1016/s0166-6851(03)00160-9.

41. Flandin JF, Chano F, Descoteaux A. 2006. RNA interference reveals a role
for TLR2 and TLR3 in the recognition of Leishmania donovani promasti-
gotes by interferon-gamma-primed macrophages. Eur J Immunol 36:
411–420. https://doi.org/10.1002/eji.200535079.

42. Kavoosi G, Ardestani SK, Kariminia A, Alimohammadian MH. 2010. Leishma-
nia major lipophosphoglycan: Discrepancy in toll-like receptor signaling.
Exp Parasitol 124:214–218. https://doi.org/10.1016/j.exppara.2009.09.017.

43. Ibraim IC, de Assis RR, Pessoa NL, Campos MA, Melo MN, Turco SJ, Soares
RP. 2013. Two biochemically distinct lipophosphoglycans from Leishma-
nia braziliensis and Leishmania infantum trigger different innate immune
responses in murine macrophages. Parasit Vectors 6:54. https://doi.org/
10.1186/1756-3305-6-54.

44. Rojas-Bernabé A, Garcia-HernÁNdez O, Maldonado-Bernal C, Delegado-
Dominguez J, Ortega E, Guti�ERrez-Kobeh L, Becker I, Aguirre-Garcia M.
2014. Leishmania mexicana lipophosphoglycan activates ERK and p38
MAP kinase and induces production of proinflammatory cytokines in
human macrophages through TLR2 and TLR4. Parasitology 141:788–800.
https://doi.org/10.1017/S0031182013002187.

45. Nogueira PM, Assis RR, Torrecilhas AC, Saraiva EM, Pessoa NL, Campos
MA, Marialva EF, Rios-Velasquez CM, Pessoa FA, Secundino NF, Rugani JN,
Nieves E, Turco SJ, Melo MN, Soares RP. 2016. Lipophosphoglycans from
Leishmania amazonensis strains display immunomodulatory properties
via TLR4 and do not affect sand fly infection. PLoS Negl Trop Dis 10:
e0004848. https://doi.org/10.1371/journal.pntd.0004848.

46. Vieira TDS, Rugani JN, Nogueira PM, Torrecilhas AC, Gontijo CMF,
Descoteaux A, Soares RP. 2019. Intraspecies polymorphisms in the lipo-
phosphoglycan of L. braziliensis differentially modulate macrophage acti-
vation via TLR4. Front Cell Infect Microbiol 9:240. https://doi.org/10.3389/
fcimb.2019.00240.

47. Dias BT, Dias-Teixeira KL, Godinho JP, Faria MS, Calegari-Silva T, Mukhtar
MM, Lopes U, Mottram JC, Lima A. 2019. Neutrophil elastase promotes Leish-
mania donovani infection via interferon-beta. FASEB J 33:10794–10807.
https://doi.org/10.1096/fj.201900524R.

48. Ives A, Ronet C, Prevel F, Ruzzante G, Fuertes-Marraco S, Schutz F,
Zangger H, Revaz-Breton M, Lye L-F, Hickerson Suzanne M, Beverley
Stephen M, Acha-Orbea H, Launois P, Fasel N, Masina S. 2011. Leishmania
RNA virus controls the severity of mucocutaneous leishmaniasis. Science
331:775–778. https://doi.org/10.1126/science.1199326.

Leishmania-Induced Mitochondrial Biogenesis mBio

November/December 2022 Volume 13 Issue 6 10.1128/mbio.02578-22 20

https://doi.org/10.1371/journal.ppat.1004684
https://doi.org/10.1371/journal.pone.0225588
https://doi.org/10.1371/journal.pone.0225588
https://doi.org/10.1073/pnas.0705070104
https://doi.org/10.1073/pnas.0705070104
https://doi.org/10.1038/nrm.2017.95
https://doi.org/10.1038/nrm.2017.95
https://doi.org/10.1016/j.tem.2012.06.006
https://doi.org/10.1016/j.tem.2012.06.006
https://doi.org/10.1101/cshperspect.a015008
https://doi.org/10.1242/jcs.113662
https://doi.org/10.1515/hsz-2021-0416
https://doi.org/10.1016/j.bbamcr.2010.09.019
https://doi.org/10.1111/jcmm.15194
https://doi.org/10.1038/s41577-019-0124-9
https://doi.org/10.1084/jem.20151570
https://doi.org/10.1084/jem.20151570
https://doi.org/10.1038/nmicrobiol.2016.246
https://doi.org/10.1038/nmicrobiol.2016.246
https://doi.org/10.1016/j.coi.2019.05.009
https://doi.org/10.7554/eLife.39169
https://doi.org/10.1016/j.celrep.2021.109195
https://doi.org/10.1016/j.celrep.2021.109195
https://doi.org/10.1146/annurev.mi.46.100192.000433
https://doi.org/10.1146/annurev.mi.46.100192.000433
https://doi.org/10.1016/j.celrep.2018.12.047
https://doi.org/10.1073/pnas.1530604100
https://doi.org/10.1073/pnas.1530604100
https://doi.org/10.1084/jem.185.12.2061
https://doi.org/10.2217/fmb.14.103
https://doi.org/10.2217/fmb.14.103
https://doi.org/10.1016/j.chom.2011.03.008
https://doi.org/10.1111/imr.12848
https://doi.org/10.1038/nri.2017.66
https://doi.org/10.1038/nri.2017.66
https://doi.org/10.1126/science.948742
https://doi.org/10.1371/journal.ppat.1007982
https://doi.org/10.1111/cmi.12484
https://doi.org/10.1016/j.cytox.2020.100041
https://doi.org/10.1111/cei.13014
https://doi.org/10.1016/j.exppara.2016.05.005
https://doi.org/10.1111/imm.13364
https://doi.org/10.1111/imm.13364
https://doi.org/10.1016/s0166-6851(03)00160-9
https://doi.org/10.1016/s0166-6851(03)00160-9
https://doi.org/10.1002/eji.200535079
https://doi.org/10.1016/j.exppara.2009.09.017
https://doi.org/10.1186/1756-3305-6-54
https://doi.org/10.1186/1756-3305-6-54
https://doi.org/10.1017/S0031182013002187
https://doi.org/10.1371/journal.pntd.0004848
https://doi.org/10.3389/fcimb.2019.00240
https://doi.org/10.3389/fcimb.2019.00240
https://doi.org/10.1096/fj.201900524R
https://doi.org/10.1126/science.1199326
https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.02578-22


49. Regli IB, Passelli K, Martinez-Salazar B, Amore J, Hurrell BP, Muller AJ,
Tacchini-Cottier F. 2020. TLR7 sensing by neutrophils is critical for the
control of cutaneous leishmaniasis. Cell Rep 31:107746. https://doi.org/10
.1016/j.celrep.2020.107746.

50. Franco LH, Fleuri AKA, Pellison NC, Quirino GFS, Horta CV, De Carvalho
RVH, Oliveira SC, Zamboni DS. 2017. Autophagy downstream of endoso-
mal Toll-like receptor signaling in macrophages is a key mechanism for
resistance to Leishmania major infection. J Biol Chem 292:13087–13096.
https://doi.org/10.1074/jbc.M117.780981.

51. Schamber-Reis BLF, Petritus PM, Caetano BC, Martinez ER, Okuda K,
Golenbock D, Scott P, Gazzinelli RT. 2013. UNC93B1 and nucleic acid-sens-
ing toll-like receptors mediate host resistance to infection with leishma-
nia major. J Biol Chem 288:7127–7136. https://doi.org/10.1074/jbc.M112
.407684.

52. Silva-Barrios S, Smans M, Duerr CU, Qureshi ST, Fritz JH, Descoteaux A,
Stäger S. 2016. Innate immune B Cell activation by Leishmania donovani
exacerbates disease and mediates hypergammaglobulinemia. Cell Rep
15:2427–2437. https://doi.org/10.1016/j.celrep.2016.05.028.

53. Dias BT, Goundry A, Vivarini AC, Costa TFR, Mottram JC, Lopes UG, Lima A.
2022. Toll-like receptor- and protein kinase R-induced type i interferon
sustains infection of Leishmania donovani in macrophages. Front Immu-
nol 13:801182. https://doi.org/10.3389/fimmu.2022.801182.

54. Lafferty EI, Flaczyk A, Angers I, Homer R, D'Hennezel E, Malo D, Piccirillo
CA, Vidal SM, Qureshi ST. 2014. An ENU-induced splicing mutation reveals
a role for Unc93b1 in early immune cell activation following influenza A
H1N1 infection. Genes Immun 15:320–332. https://doi.org/10.1038/gene
.2014.22.

55. Blasius AL, Beutler B. 2010. Intracellular toll-like receptors. Immunity 32:
305–315. https://doi.org/10.1016/j.immuni.2010.03.012.

56. Sacramento LA, Benevides L, Maruyama SR, Tavares L, Fukutani KF,
Francozo M, Sparwasser T, Cunha FQ, Almeida RP, da Silva JS, Carregaro
V. 2020. TLR4 abrogates the Th1 immune response through IRF1 and IFN-
beta to prevent immunopathology during L. infantum infection. PLoS
Pathog 16:e1008435. https://doi.org/10.1371/journal.ppat.1008435.

57. Oosenbrug T, van de Graaff MJ, Haks MC, van Kasteren S, Ressing ME.
2020. An alternative model for type I interferon induction downstream of
human TLR2. J Biol Chem 295:14325–14342. https://doi.org/10.1074/jbc
.RA120.015283.

58. Wu D, Sanin DE, Everts B, Chen Q, Qiu J, Buck MD, Patterson A, Smith AM,
Chang CH, Liu Z, Artyomov MN, Pearce EL, Cella M, Pearce EJ. 2016. Type 1
interferons induce changes in core metabolism that are critical for immune
function. Immunity 44:1325–1336. https://doi.org/10.1016/j.immuni.2016.06
.006.

59. Müller U, Steinhoff U, Reis LF, Hemmi S, Pavlovic J, Zinkernagel RM, Aguet
M. 1994. Functional role of type I and type II interferons in antiviral defense.
Science 264:1918–1921. https://doi.org/10.1126/science.8009221.

60. Komen JC, Thorburn DR. 2014. Turn up the power: pharmacological acti-
vation of mitochondrial biogenesis in mouse models. Br J Pharmacol 171:
1818–1836. https://doi.org/10.1111/bph.12413.

61. Nassif RM, Chalhoub E, Chedid P, Hurtado-Nedelec M, Raya E, Dang PM,
Marie JC, El-Benna J. 2022. Metformin inhibits ROS production by human
M2 macrophages via the activation of AMPK. Biomedicines 10:319.
https://doi.org/10.3390/biomedicines10020319.

62. Beattie DS. 1971. The possible relationship between heme synthesis and
mitochondrial biogenesis. Arch Biochem Biophys 147:136–142. https://
doi.org/10.1016/0003-9861(71)90319-5.

63. Ogura S, Maruyama K, Hagiya Y, Sugiyama Y, Tsuchiya K, Takahashi K, Abe
F, Tabata K, Okura I, Nakajima M, Tanaka T. 2011. The effect of 5-aminole-
vulinic acid on cytochrome c oxidase activity in mouse liver. BMC Res
Notes 4:66. https://doi.org/10.1186/1756-0500-4-66.

64. Sugiyama Y, Hagiya Y, Nakajima M, Ishizuka M, Tanaka T, Ogura S. 2014.
The heme precursor 5-aminolevulinic acid disrupts the Warburg effect in
tumor cells and induces caspase-dependent apoptosis. Oncol Rep 31:
1282–1286. https://doi.org/10.3892/or.2013.2945.

65. Sohoni S, Ghosh P, Wang T, Kalainayakan SP, Vidal C, Dey S, Konduri PC,
Zhang L. 2019. Elevated heme synthesis and uptake underpin intensified
oxidative metabolism and tumorigenic functions in non-small cell lung
cancer cells. Cancer Res 79:2511–2525. https://doi.org/10.1158/0008-5472
.CAN-18-2156.

66. Kalainayakan SP, FitzGerald KE, Konduri PC, Vidal C, Zhang L. 2018. Essen-
tial roles of mitochondrial and heme function in lung cancer bioener-
getics and tumorigenesis. Cell Biosci 8:56. https://doi.org/10.1186/s13578
-018-0257-8.

67. May BK, Dogra SC, Sadlon TJ, Bhasker CR, Cox TC, Bottomley SS. 1995. Molec-
ular regulation of heme biosynthesis in higher vertebrates. Prog Nucleic
Acids Res Mol Biol 51:1–51. https://doi.org/10.1016/s0079-6603(08)60875-2.

68. Handschin C, Lin J, Rhee J, Peyer AK, Chin S, Wu PH, Meyer UA, Spiegelman
BM. 2005. Nutritional regulation of hepatic heme biosynthesis and porphy-
ria through PGC-1alpha. Cell 122:505–515. https://doi.org/10.1016/j.cell
.2005.06.040.

69. Lodge R, Descoteaux A. 2006. Phagocytosis of Leishmania donovani
amastigotes is Rac1 dependent and occurs in the absence of NADPH oxi-
dase activation. Eur J Immunol 36:2735–2744. https://doi.org/10.1002/eji
.200636089.

70. Vinet AF, Fukuda M, Turco SJ, Descoteaux A. 2009. The Leishmania dono-
vani lipophosphoglycan excludes the vesicular proton-ATPase from
phagosomes by impairing the recruitment of synaptotagmin V. PLoS
Pathog 5:e1000628. https://doi.org/10.1371/journal.ppat.1000628.

71. Matte C, Arango Duque G, Descoteaux A. 2021. Leishmania donovani meta-
cyclic promastigotes impair phagosome properties in inflammatory mono-
cytes. Infect Immun 89:e00009-21. https://doi.org/10.1128/IAI.00009-21.

72. Franco LH, Beverley SM, Zamboni DS. 2012. Innate immune activation
and subversion of Mammalian functions by leishmania lipophosphogly-
can. J Parasitol Res 2012:165126. https://doi.org/10.1155/2012/165126.

73. McConville MJ, Blackwell JM. 1991. Developmental changes in the glyco-
sylated phosphatidylinositols of Leishmania donovani. Characterization
of the promastigote and amastigote glycolipids. J Biol Chem 266:
15170–15179. https://doi.org/10.1016/S0021-9258(18)98600-X.

74. McNeely TB, Doyle PS. 1996. Isolation of lipophosphoglycans from Leish-
mania donovani amastigotes. Arch Biochem Biophys 334:1–8. https://doi
.org/10.1006/abbi.1996.0422.

75. de Veer MJ, Curtis JM, Baldwin TM, DiDonato JA, Sexton A, McConville MJ,
Handman E, Schofield L. 2003. MyD88 is essential for clearance of Leishma-
nia major: possible role for lipophosphoglycan and Toll-like receptor 2 sig-
naling. Eur J Immunol 33:2822–2831. https://doi.org/10.1002/eji.200324128.

76. Srivastava S, Pandey SP, Jha MK, Chandel HS, Saha B. 2013. Leishmania
expressed lipophosphoglycan interacts with Toll-like receptor (TLR)-2 to
decrease TLR-9 expression and reduce anti-leishmanial responses. Clin
Exp Immunol 172:403–409. https://doi.org/10.1111/cei.12074.

77. Dos Santos PL, de Oliveira FA, Santos ML, Cunha LC, Lino MT, de Oliveira
MF, BomfimMO, Silva AM, de Moura TR, de Jesus AR, Duthie MS, Reed SG,
de Almeida RP. 2016. The severity of visceral leishmaniasis correlates with
elevated levels of serum IL-6, IL-27 and sCD14. PLoS Negl Trop Dis 10:
e0004375. https://doi.org/10.1371/journal.pntd.0004375.

78. Schleicher U, Liese J, Knippertz I, Kurzmann C, Hesse A, Heit A, Fischer JA,
Weiss S, Kalinke U, Kunz S, Bogdan C. 2007. NK cell activation in visceral
leishmaniasis requires TLR9, myeloid DCs, and IL-12, but is independent
of plasmacytoid DCs. J Exp Med 204:893–906. https://doi.org/10.1084/
jem.20061293.

79. Cantanhêde LM, Mata-Somarribas C, Chourabi K, Pereira da Silva G, Dias
das Chagas B, de Oliveira RPL, Cortes Boite M, Cupolillo E. 2021. The maze
pathway of coevolution: a critical review over the Leishmania and its
endosymbiotic history. Genes (Basel) 12:657. https://doi.org/10.3390/
genes12050657.

80. Lambertz U, Oviedo Ovando ME, Vasconcelos EJ, Unrau PJ, Myler PJ,
Reiner NE. 2015. Small RNAs derived from tRNAs and rRNAs are highly
enriched in exosomes from both old and new world Leishmania provid-
ing evidence for conserved exosomal RNA packaging. BMC Genomics 16:
151. https://doi.org/10.1186/s12864-015-1260-7.

81. van Zandbergen G, Bollinger A, Wenzel A, Kamhawi S, Voll R, Klinger M,
Muller A, Holscher C, Herrmann M, Sacks D, Solbach W, Laskay T. 2006.
Leishmania disease development depends on the presence of apoptotic
promastigotes in the virulent inoculum. Proc Natl Acad Sci U S A 103:
13837–13842. https://doi.org/10.1073/pnas.0600843103.

82. Diefenbach A, Schindler H, Donhauser N, Lorenz E, Laskay T, MacMicking
J, Rollinghoff M, Gresser I, Bogdan C. 1998. Type 1 interferon (IFNalpha/
beta) and type 2 nitric oxide synthase regulate the innate immune
response to a protozoan parasite. Immunity 8:77–87. https://doi.org/10
.1016/s1074-7613(00)80460-4.

83. Silva-Barrios S, Stäger S. 2017. Protozoan parasites and type I IFNs. Front
Immunol 8:14. https://doi.org/10.3389/fimmu.2017.00014.

84. Xin L, Vargas-Inchaustegui DA, Raimer SS, Kelly BC, Hu J, Zhu L, Sun J,
Soong L. 2010. Type I IFN receptor regulates neutrophil functions and
innate immunity to Leishmania parasites. J Immunol 184:7047–7056.
https://doi.org/10.4049/jimmunol.0903273.

85. Vivarini AdC, Pereira RdMS, Teixeira KLD, Calegari-Silva TC, Bellio M,
Laurenti MD, Corbett CEP, Gomes CMdC, Soares RP, Silva AM, Silveira FT,

Leishmania-Induced Mitochondrial Biogenesis mBio

November/December 2022 Volume 13 Issue 6 10.1128/mbio.02578-22 21

https://doi.org/10.1016/j.celrep.2020.107746
https://doi.org/10.1016/j.celrep.2020.107746
https://doi.org/10.1074/jbc.M117.780981
https://doi.org/10.1074/jbc.M112.407684
https://doi.org/10.1074/jbc.M112.407684
https://doi.org/10.1016/j.celrep.2016.05.028
https://doi.org/10.3389/fimmu.2022.801182
https://doi.org/10.1038/gene.2014.22
https://doi.org/10.1038/gene.2014.22
https://doi.org/10.1016/j.immuni.2010.03.012
https://doi.org/10.1371/journal.ppat.1008435
https://doi.org/10.1074/jbc.RA120.015283
https://doi.org/10.1074/jbc.RA120.015283
https://doi.org/10.1016/j.immuni.2016.06.006
https://doi.org/10.1016/j.immuni.2016.06.006
https://doi.org/10.1126/science.8009221
https://doi.org/10.1111/bph.12413
https://doi.org/10.3390/biomedicines10020319
https://doi.org/10.1016/0003-9861(71)90319-5
https://doi.org/10.1016/0003-9861(71)90319-5
https://doi.org/10.1186/1756-0500-4-66
https://doi.org/10.3892/or.2013.2945
https://doi.org/10.1158/0008-5472.CAN-18-2156
https://doi.org/10.1158/0008-5472.CAN-18-2156
https://doi.org/10.1186/s13578-018-0257-8
https://doi.org/10.1186/s13578-018-0257-8
https://doi.org/10.1016/s0079-6603(08)60875-2
https://doi.org/10.1016/j.cell.2005.06.040
https://doi.org/10.1016/j.cell.2005.06.040
https://doi.org/10.1002/eji.200636089
https://doi.org/10.1002/eji.200636089
https://doi.org/10.1371/journal.ppat.1000628
https://doi.org/10.1128/IAI.00009-21
https://doi.org/10.1155/2012/165126
https://doi.org/10.1016/S0021-9258(18)98600-X
https://doi.org/10.1006/abbi.1996.0422
https://doi.org/10.1006/abbi.1996.0422
https://doi.org/10.1002/eji.200324128
https://doi.org/10.1111/cei.12074
https://doi.org/10.1371/journal.pntd.0004375
https://doi.org/10.1084/jem.20061293
https://doi.org/10.1084/jem.20061293
https://doi.org/10.3390/genes12050657
https://doi.org/10.3390/genes12050657
https://doi.org/10.1186/s12864-015-1260-7
https://doi.org/10.1073/pnas.0600843103
https://doi.org/10.1016/s1074-7613(00)80460-4
https://doi.org/10.1016/s1074-7613(00)80460-4
https://doi.org/10.3389/fimmu.2017.00014
https://doi.org/10.4049/jimmunol.0903273
https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.02578-22


Lopes UG. 2011. Human cutaneous leishmaniasis: interferon-dependent
expression of double-stranded RNA-dependent protein kinase (PKR) via
TLR2. FASEB J 25:4162–4173. https://doi.org/10.1096/fj.11-185165.

86. Rossi M, Castiglioni P, Hartley MA, Eren RO, Prevel F, Desponds C,
Utzschneider DT, Zehn D, Cusi MG, Kuhlmann FM, Beverley SM, Ronet C,
Fasel N. 2017. Type I interferons induced by endogenous or exogenous vi-
ral infections promote metastasis and relapse of leishmaniasis. Proc Natl
Acad Sci U S A 114:4987–4992. https://doi.org/10.1073/pnas.1621447114.

87. Kumar R, Bunn PT, Singh SS, Ng SS, Montes de Oca M, De Labastida Rivera
F, Chauhan SB, Singh N, Faleiro RJ, Edwards CL, Frame TCM, Sheel M,
Austin RJ, Lane SW, Bald T, Smyth MJ, Hill GR, Best SE, Haque A, Corvino
D, Waddell N, Koufariotis L, Mukhopadhay P, Rai M, Chakravarty J, Singh
OP, Sacks D, Nylen S, Uzonna J, Sundar S, Engwerda CR. 2020. Type I inter-
ferons suppress anti-parasitic immunity and can be targeted to improve
treatment of visceral leishmaniasis. Cell Rep 30:2512–2525.e2519. https://
doi.org/10.1016/j.celrep.2020.01.099.

88. Kumar A, Giri S, Kumar A. 2016. 5-Aminoimidazole-4-carboxamide ribonu-
cleoside-mediated adenosine monophosphate-activated protein kinase
activation induces protective innate responses in bacterial endophthal-
mitis. Cell Microbiol 18:1815–1830. https://doi.org/10.1111/cmi.12625.

89. Shen Y, Zhou N, An J, Zhang J, Wang M, Li Y, Jiang P. 2019. Haemophilus
parasuis infection in 3D4/21 cells induces autophagy through the AMPK
pathway. Cell Microbiol 21:e13031. https://doi.org/10.1111/cmi.13031.

90. Bulusu V, Thakur SS, Venkatachala R, Balaram H. 2011. Mechanism of
growth inhibition of intraerythrocytic stages of Plasmodium falciparum by

5-aminoimidazole-4-carboxamide ribonucleoside (AICAR). Mol Biochem
Parasitol 177:1–11. https://doi.org/10.1016/j.molbiopara.2011.01.001.

91. Laranjeira-Silva MF, Hamza I, Perez-Victoria JM. 2020. Iron and heme me-
tabolism at the Leishmania-host interface. Trends Parasitol 36:279–289.
https://doi.org/10.1016/j.pt.2019.12.010.

92. Orrego LM, Cabello-Donayre M, Vargas P, Martinez-Garcia M, Sanchez C,
Pineda-Molina E, Jimenez M, Molina R, Perez-Victoria JM. 2019. Heme syn-
thesis through the life cycle of the heme auxotrophic parasite Leishmania
major. FASEB J 33:13367–13385. https://doi.org/10.1096/fj.201901274RR.

93. Wooten RM, Ma Y, Yoder RA, Brown JP, Weis JH, Zachary JF, Kirschning CJ,
Weis JJ. 2002. Toll-like receptor 2 is required for innate, but not acquired,
host defense to Borrelia burgdorferi. J Immunol 168:348–355. https://doi
.org/10.4049/jimmunol.168.1.348.

94. Matte C, Descoteaux A. 2010. Leishmania donovani amastigotes impair
gamma interferon-induced STAT1alpha nuclear translocation by blocking
the interaction between STAT1alpha and importin-alpha5. Infect Immun
78:3736–3743. https://doi.org/10.1128/IAI.00046-10.

95. Späth GF, Beverley SM. 2001. A lipophosphoglycan-independent method
for isolation of infective Leishmania metacyclic promastigotes by density
gradient centrifugation. Exp Parasitol 99:97–103. https://doi.org/10.1006/
expr.2001.4656.

96. Livak KJ, Schmittgen TD. 2001. Analysis of relative gene expression data
using real-time quantitative PCR and the 22DDCT method. Methods 25:
402–408. https://doi.org/10.1006/meth.2001.1262.

Leishmania-Induced Mitochondrial Biogenesis mBio

November/December 2022 Volume 13 Issue 6 10.1128/mbio.02578-22 22

https://doi.org/10.1096/fj.11-185165
https://doi.org/10.1073/pnas.1621447114
https://doi.org/10.1016/j.celrep.2020.01.099
https://doi.org/10.1016/j.celrep.2020.01.099
https://doi.org/10.1111/cmi.12625
https://doi.org/10.1111/cmi.13031
https://doi.org/10.1016/j.molbiopara.2011.01.001
https://doi.org/10.1016/j.pt.2019.12.010
https://doi.org/10.1096/fj.201901274RR
https://doi.org/10.4049/jimmunol.168.1.348
https://doi.org/10.4049/jimmunol.168.1.348
https://doi.org/10.1128/IAI.00046-10
https://doi.org/10.1006/expr.2001.4656
https://doi.org/10.1006/expr.2001.4656
https://doi.org/10.1006/meth.2001.1262
https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.02578-22

	RESULTS
	LPG is required for the alteration of host cell bioenergetic metabolism by L. donovani metacyclic promastigotes.
	L. donovani metacyclic promastigotes stimulate host cell mitochondrial biogenesis in an LPG-dependent manner.
	L. donovani metacyclic promastigotes induce the expression of genes associated with mitochondrial biogenesis in an LPG-dependent manner.
	TLRs mediate host cell mitochondrial biogenesis induced by L. donovani metacyclic promastigotes.
	Host cell mitochondrial biogenesis induced by L. donovani metacyclic promastigotes requires the type I IFN signaling pathway.
	Mitochondrial biogenesis contributes to the ability of L. donovani promastigotes to colonize BMM.

	DISCUSSION
	MATERIALS AND METHODS
	Ethics statement.
	Animals and parasites.
	Macrophage culture and infections.
	Confocal immunofluorescence microscopy.
	Quantitative PCR analysis.
	Western blot analysis.
	ELISA.
	Electron microscopy.
	Metabolism assays.
	Statistics and reproducibility.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

